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Abstractȱ
ȱ
ȱ
Sinceȱ theȱ adventȱ ofȱ gaseousȱ nitridingȱ andȱ nitrocarburizingȱ processesȱ inȱ theȱ earlyȱ 20thȱ
century,ȱ numerousȱ processȱ variantsȱ andȱ applicationsȱ haveȱ beenȱ developed.ȱ Improvedȱ
performanceȱwithȱrespectȱ toȱ fatigue,ȱwearȱandȱcorrosionȱcanȱbeȱobtainedȱ forȱ treatedȱsteelȱ
components.ȱ Despiteȱ theȱ advantagesȱ andȱ widespreadȱ application,ȱ theȱ currentȱ
understandingȱofȱtheȱthermodynamicsȱandȱkineticsȱgoverningȱtheȱprocesses,ȱasȱwellȱasȱtheȱ
resultingȱcrystalȱstructuresȱandȱmagneticȱproperties,ȱisȱstillȱfarȱfromȱcomplete.ȱ
Anȱincompleteȱfundamentalȱdescriptionȱhindersȱpossibleȱprocessȱoptimizationȱandȱhasȱ
motivatedȱ theȱ currentȱworkȱ inȱ synthesisȱ andȱ characterizationȱ ofȱ interstitialȱ solutionsȱ ofȱ
nitrogenȱandȱcarbonȱ inȱ ironȬbasedȱlattices.ȱInȱorderȱtoȱavoidȱtheȱinfluencesȱofȱgradientsȱ inȱ
compositionȱ andȱ residualȱ stresses,ȱ whichȱ areȱ typicallyȱ foundȱ inȱ treatedȱ surfaceȱ layers,ȱ
homogenousȱ samplesȱ areȱ needed.ȱ Theseȱ wereȱ preparedȱ fromȱ pureȱ ironȱ orȱ austeniticȱ
stainlessȱ steelȱ usingȱ gaseousȱmixturesȱ ofȱ ammonia,ȱ hydrogen,ȱ acetyleneȱ andȱ propeneȱ atȱ
elevatedȱtemperatures.ȱ
Structuralȱandȱmagneticȱpropertiesȱhaveȱbeenȱ characterizedȱwithȱneutronȱdiffraction,ȱ
vibratingȱ sampleȱ magnetometryȱ andȱ Mössbauerȱ spectroscopy.ȱ Thermalȱ expansionȱ andȱ
decompositionȱwasȱstudiedȱinȱinertȱatmospheresȱwithȱinȱsituȱsynchrotronȱXȬrayȱdiffraction.ȱ
Thermalȱdecompositionȱ sequencesȱ forȱ ironȱ carbidesȱ andȱ carbonitrides,ȱ asȱwellȱ asȱ forȱ soȬ
calledȱexpandedȱaustenite,ȱwereȱestablished.ȱȱ
InȱΉȬironȱnitride,ȱpartialȱsubstitutionȱofȱnitrogenȱbyȱcarbonȱcausesȱanȱincreaseȱinȱCurieȱ
temperatureȱ andȱ specificȱmagnetization.ȱ Changesȱ inȱ interstitialȱ orderingȱwereȱ deducedȱ
fromȱ theȱ observedȱ effectsȱ onȱ latticeȱ parametersȱ andȱ relatedȱ toȱ relativelyȱ favorableȱ
interactionsȱbetweenȱnitrogenȱandȱcarbon.ȱȱ
ivȱ
ȱ
Atȱ roomȱ temperatureȱ expandedȱ austeniteȱ isȱ foundȱ toȱ beȱparamagneticȱ forȱhighȱ andȱ lowȱ
nitrogenȱcontentsȱbutȱ ferromagneticȱ forȱ intermediateȱcontents.ȱAnȱanomalousȱvariationȱ inȱ
thermalȱ expansionȱ coefficientsȱwithȱ interstitialȱ contentȱ isȱ causedȱbyȱ spontaneousȱvolumeȱ
magnetostrictionȱinȱtheȱferromagneticȱstate.ȱ
Severalȱstructuralȱmodelsȱhaveȱpreviouslyȱbeenȱproposedȱ forȱexpandedȱaustenite,ȱbutȱ
allȱhaveȱfailedȱtoȱsuccessfullyȱdescribeȱallȱfeaturesȱofȱXȬrayȱdiffractionȱdata.ȱInȱtheȱcurrentȱ
evaluationȱofȱdiffractionȱdata,ȱtheȱeffectsȱofȱstackingȱfaultsȱonȱhklȬdependentȱshiftsȱofȱBraggȱ
reflectionsȱ wereȱ included.ȱ Comparisonȱ ofȱ simulationsȱ withȱ experimentalȱ dataȱ does,ȱ
however,ȱ showȱ thatȱ theȱ stackingȱ faultȱ modelȱ isȱ notȱ entirelyȱ acceptable.ȱ Theȱ apparentȱ
anisotropicȱ deviationsȱ fromȱ cubicȱ symmetryȱ currentlyȱ lackȱ anȱ exactȱ quantitativeȱ
interpretation.ȱ
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Danskȱresuméȱ
ȱ
ȱ
ȱ
Sidenȱ gasȬfaseȱ nitreringȱ ogȱ nitrocarbureringȱ blevȱ udvikletȱ somȱ tekniskeȱ processerȱ iȱ
begyndelsenȱ afȱ detȱ forrigeȱ århundrede,ȱ erȱ adskilligeȱ procesȬvarianterȱ medȱ udvidedeȱ
anvendelsesmulighederȱblevetȱ tilføjet.ȱForbedretȱmodstandsdygtighedȱoverforȱudmattelse,ȱ
slidȱ ogȱ korrosionȱ kanȱ opnåsȱ forȱ behandledeȱ stålkomponenter.ȱ Påȱ trodsȱ afȱ fordeleneȱ ogȱ
udbredtȱ anvendelse,ȱ erȱ denȱ nuværendeȱ forståelseȱ afȱ denȱ underliggendeȱ kinetikȱ ogȱ
termodynamikȱ bagȱ processerne,ȱ samtȱ deȱ resulterendeȱ krystalstrukturerȱ ogȱ magnetiskeȱ
egenskaber,ȱlangtȱfraȱfuldstændig.ȱȱ
Enȱufuldstændigȱgrundlæggendeȱbeskrivelseȱhindrerȱmuligȱprocesoptimeringȱ ogȱharȱ
væretȱ motivationenȱ forȱ detteȱ arbejdeȱ medȱ synteseȱ ogȱ karakteriseringȱ afȱ interstitielleȱ
opløsningerȱafȱnitrogenȱogȱcarbonȱiȱjernȬbaseredeȱkrystalgitre.ȱForȱatȱundgåȱindflydelsenȱfraȱ
gradienterȱ iȱ kompositionȱ ogȱ residualspændinger,ȱ hvilkeȱ typiskȱ forefindesȱ iȱ behandledeȱ
overflader,ȱ erȱ homogeneȱ prøverȱ nødvendige.ȱ Disseȱ blevȱ fremstilletȱ afȱ rentȱ jernȱ ellerȱ
austenitiskȱ rustfritȱ stålȱ underȱ opvarmningȱ iȱ gasblandingerȱ afȱ ammoniak,ȱ hydrogen,ȱ
acetylenȱogȱpropen.ȱ
Strukturelleȱogȱmagnetiskeȱegenskaberȱerȱblevetȱkarakteriseretȱmedȱneutrondiffraktion,ȱ
magnetometriȱ ogȱMössbauerȱ spektroskopi.ȱ Termiskȱ ekspansionȱ ogȱ dekomponeringȱ iȱ enȱ
inertȱ atmosfæreȱ blevȱ undersøgtȱ medȱ inȱ situȱ synchrotronȱ røntgendiffraktion.ȱ Termiskeȱ
dekomponeringssekvenserȱ erȱ blevetȱ fastlagtȱ forȱ jernkarbiderȱ ogȱ carbonitriderȱ samtȱ forȱ
såkaldtȱekspanderetȱaustenit.ȱ
Iȱ ΉȬjernnitridȱ bevirkerȱ partielȱ substitutionȱ afȱ nitrogenȱmedȱ carbonȱ enȱ forhøjetȱ Curieȱ
temperaturȱ ogȱ specifikȱ magnetisering.ȱ Ændringerȱ iȱ interstitielȱ ordningȱ blevȱ udledtȱ fraȱ
observeredeȱ påvirkningerȱ afȱ gitterparametreȱ ogȱ erȱ relateretȱ tilȱ forholdsvisȱ favorableȱ
interaktionerȱmellemȱnitrogenȱogȱcarbon.ȱ
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ȱ
Vedȱ stuetemperaturȱ erȱ ekspanderetȱ austenitȱ paramagnetiskȱ forȱ bådeȱ lavtȱ ogȱ højtȱ
nitrogenindholdȱ menȱ ferromagnetiskȱ forȱ mellemliggendeȱ indhold.ȱ Spontanȱ volumenȬ
magnetostriktionȱ iȱdenȱ ferromagnetiskeȱ tilstandȱ forårsagerȱ enȱ anomalȱvariationȱ iȱ termiskȱ
ekspansionskoefficientȱvedȱændringerȱiȱinterstitieltȱindhold.ȱ
Adskilligeȱstrukturmodellerȱharȱtidligereȱværetȱforeslåetȱforȱekspanderetȱaustenit,ȱmenȱ
ingenȱ afȱ disseȱ modellerȱ harȱ kunnetȱ forklareȱ deȱ observeredeȱ diffraktionsdataȱ iȱ
tilfredsstillendeȱ grad.ȱ Denȱ indeværendeȱ evalueringȱ afȱ diffraktionsdataȱ harȱ inkluderetȱ
indflydelsenȱ afȱ stablefejlȱ påȱ hklȬafhængigeȱ forskydningerȱ afȱ BraggȬreflekser.ȱ
Sammenligningȱ afȱ simuleringerȱ ogȱ eksperimentelleȱ dataȱ viserȱ dogȱ atȱ stablefejlsmodellenȱ
ikkeȱ erȱ heltȱ tilfredsstillende.ȱ Påȱ nuværendeȱ tidspunktȱ manglerȱ enȱ eksaktȱ kvantitativȱ
fortolkningȱafȱdenȱtilsyneladendeȱanisotropiskeȱafvigelseȱfraȱkubiskȱsymmetri.ȱ
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Introductionȱ
ȱ
ȱ
ȱ
Gaseousȱ nitridingȱ andȱ nitrocarburizingȱ areȱ versatileȱ thermochemicalȱ surfaceȱ treatmentsȱ
withȱwidespreadȱ applications.ȱ Treatedȱ componentsȱ exhibitȱ improvedȱ performanceȱwithȱ
respectȱtoȱfatigue,ȱwearȱandȱcorrosion.ȱNitridingȱinvolvesȱintroductionȱofȱnitrogenȱintoȱtheȱ
surfaceȱofȱaȱcomponentȱandȱwasȱdevelopedȱasȱaȱtechnicalȱprocessȱinȱtheȱearlyȱ20thȱcenturyȱ
(Machlet,ȱ1913;ȱFry,ȱ1923).ȱSinceȱthen,ȱnumerousȱprocessȱvariantsȱhaveȱbeenȱdeveloped,ȱoneȱ
ofȱwhichȱ isȱ nitrocarburizing,ȱwhereȱ carbonȱ isȱ introducedȱ simultaneouslyȱwithȱ nitrogen.ȱ
Differentȱmedia,ȱlikeȱplasmasȱandȱsaltȱbaths,ȱcanȱbeȱusedȱasȱnitrogenȱ(andȱcarbon)ȱsources,ȱ
butȱ onlyȱ gaseousȱ processesȱ allowȱ forȱ preciseȱ controlȱ ofȱ theȱ thermodynamicȱ conditionsȱ
(Mittemeijer,ȱ2013).
Theȱcaseȱdevelopingȱduringȱtreatmentȱconsistsȱofȱaȱcompoundȱlayerȱatȱtheȱsurfaceȱwithȱ
enhancedȱ wearȱ andȱ tribologicalȱ performanceȱ andȱ aȱ diffusionȱ zoneȱ underneath,ȱ whichȱ
enhancesȱ fatigueȱ performance.ȱ Nitridingȱ isȱ traditionallyȱ performedȱ inȱ theȱ temperatureȱ
rangeȱ750ȱ–ȱ800ȱK,ȱwithȱdevelopmentȱofȱaȱdiffusionȱzoneȱasȱtheȱprimaryȱpurpose,ȱwhileȱtheȱ
mainȱobjectiveȱofȱnitrocarburizingȱisȱtheȱdevelopmentȱofȱaȱcompoundȱlayer,ȱwithȱtreatmentsȱ
usuallyȱ performedȱ atȱ 810ȱ –ȱ 860ȱKȱ (Somers,ȱ 2014).ȱ Theȱ compoundȱ layerȱ consistsȱ ofȱ ironȱ
(carbo)nitrides,ȱ Ȗ‘ȬFe4N1+xȱ andȱ ΉȬFe2(N,C)1Ȭz,ȱ andȱ theȱ diffusionȱ zoneȱ ofȱ aȱ supersaturatedȱ
interstitialȱ solutionȱ ofȱ nitrogenȱ (andȱ carbon)ȱ inȱ aȱmetallicȱmatrixȱ andȱ alloyingȱ elementȱ
(carbo)nitridesȱ(e.g.,ȱCrNȱandȱAlN),ȱinȱtheȱcaseȱofȱalloyedȱsteels.ȱȱ
Theȱ relativelyȱ lowȱ temperaturesȱ usedȱ forȱ nitridingȱ andȱ nitrocarburizingȱ offerȱ someȱ
advantagesȱ comparedȱ toȱ traditionalȱ carburizing.ȱ Sinceȱ theȱ surfaceȱ hardeningȱ effectȱ isȱ
2ȱ Chapterȱ1ȱIntroduction
ȱ
obtainedȱwithoutȱaȱmartensiticȱ transformationȱofȱtheȱmaterial,ȱmajorȱdimensionalȱchangesȱ
andȱ distortionsȱ areȱ avoided.ȱ Theȱ numerousȱ possibleȱ applications,ȱ e.g.ȱ gears,ȱ valveȱ
components,ȱ andȱ forging/formingȱ dies,ȱ coverȱ aȱ wideȱ rangeȱ ofȱ industriesȱ includingȱ
automotive,ȱaerospaceȱandȱnuclear,ȱtoȱnameȱaȱfew.ȱ
Despiteȱ theȱ collectiveȱ experienceȱ ofȱ approximatelyȱ oneȱ centuryȱ ofȱ nitriding,ȱ theȱ
understandingȱofȱtheȱthermodynamicsȱandȱkineticsȱgoverningȱtheȱprocessesȱisȱstillȱfarȱfromȱ
complete.ȱ Thisȱ hindersȱ successfulȱ modellingȱ andȱ thereforeȱ alsoȱ optimizationȱ ofȱ theȱ
processes.ȱ Theȱ purposeȱ ofȱ thisȱworkȱ isȱ toȱ contributeȱ toȱ theȱ understandingȱ ofȱ theȱmajorȱ
phasesȱ developingȱ onȱ nitridingȱ andȱ nitrocarburizingȱ ofȱ ironȱ andȱ steel,ȱ byȱ controlledȱ
synthesisȱandȱcharacterizationȱofȱinterstitialȱsolidȱsolutionsȱofȱnitrogenȱandȱcarbonȱinȱironȬ
basedȱlattices.ȱ
1.1 Dissertationȱoutlineȱ
Theȱ firstȱ partȱ ofȱ thisȱ dissertationȱ consistsȱ ofȱ chaptersȱ introducingȱ theoryȱ andȱ appliedȱ
experimentalȱ principles.ȱ Chapterȱ 2ȱ summarizesȱ thermodynamicȱ considerationsȱ andȱ
literatureȱonȱtheȱstructuralȱpropertiesȱofȱrelevantȱironȬbasedȱnitridesȱandȱcarbidesȱasȱwellȱasȱ
nitrogenȱ andȱ carbonȱ expandedȱ austenite.ȱ Chapterȱ 3ȱ introducesȱ theȱ primaryȱ utilizedȱ
experimentalȱ techniques:ȱ XȬrayȱ andȱ neutronȱ diffraction,ȱ Mössbauerȱ spectroscopyȱ andȱ
vibratingȱ sampleȱ magnetometry.ȱ Theȱ subsequentȱ chaptersȱ presentȱ theȱ performedȱ
experimentalȱworkȱandȱobtainedȱresults.ȱ
Chapterȱ4ȱdescribesȱsynthesisȱofȱphasesȱinȱtheȱironȬcarbonȬnitrogenȱsystemȱbyȱgaseousȱ
nitrocarburizingȱinȱatmospheresȱofȱammonia,ȱhydrogenȱandȱpropene.ȱTheȱprocessȱinvolvesȱ
aȱ pretreatmentȱ forȱ preparingȱ porousȱ ironȱ foils,ȱ whichȱ canȱ beȱ usedȱ inȱ orderȱ toȱ obtainȱ
homogeneousȱsamplesȱofȱironȱcarbidesȱandȱnitrides.ȱThermalȱexpansionȱandȱdecompositionȱ
ofȱtheȱresultingȱstructuresȱhasȱbeenȱstudiedȱwithȱinȱsituȱsynchrotronȱXȬrayȱdiffraction.ȱ
Chapterȱ5ȱpresentsȱresultsȱonȱtheȱchangesȱinȱinterstitialȱordering,ȱlatticeȱparametersȱandȱ
magneticȱ propertiesȱ ofȱ ΉȬironȱ nitrideȱ dueȱ toȱ partialȱ substitutionȱ ofȱ nitrogenȱ byȱ carbon.ȱ
Thermalȱ expansionȱ coefficientsȱ areȱ alsoȱ evaluated.ȱ Experimentalȱ dataȱ areȱ obtainedȱwithȱ
neutronȱdiffraction,ȱvibratingȱsampleȱmagnetometryȱandȱMössbauerȱspectroscopy.ȱ
Chapterȱ 6ȱ containsȱ resultsȱ ofȱ theȱ investigationȱ ofȱ nitrogenȱ andȱ carbonȱ expandedȱ
austeniteȱ synthesizedȱ fromȱ powderȱ orȱ thinȱ foilsȱ ofȱ AISIȱ 316ȱ austeniticȱ stainlessȱ steel.ȱ
Thermalȱ expansionȱ andȱ decompositionȱ hasȱ beenȱ studiedȱwithȱ inȱ situȱ synchrotronȱ XȬrayȱ
diffractionȱ andȱmagneticȱ andȱ structuralȱ propertiesȱwithȱ vibratingȱ sampleȱmagnetometryȱ
andȱMössbauerȱ spectroscopy.ȱTheȱ firstȱ partȱ ofȱ theȱ study,ȱ concerningȱ nitrogenȱ expandedȱ
austenite,ȱ isȱ publishedȱ inȱ Journalȱ ofȱ Appliedȱ Crystallographyȱ (vol.ȱ 47,ȱ pagesȱ 819–826),ȱ
whichȱisȱincludedȱinȱAppendixȱA.1.ȱ
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Chapterȱ 7ȱ evaluatesȱ theȱ currentlyȱ incompletelyȱ structuralȱ descriptionȱ ofȱ expandedȱ
austenite.ȱSeveralȱstructuralȱmodelsȱhaveȱbeenȱproposed,ȱbutȱallȱhaveȱfailedȱtoȱsuccessfullyȱ
describeȱ allȱ featuresȱ ofȱXȬrayȱdiffractionȱdataȱ forȱ thisȱ structure.ȱ Inȱ theȱ currentȱwork,ȱ theȱ
effectsȱ ofȱ dislocationsȱ describedȱ byȱ soȬcalledȱ modifiedȱ WilliamsonȬHallȱ plotsȱ andȱ
simulationsȱofȱ theȱeffectsȱofȱstackingȱ faultsȱareȱcomparedȱ toȱexperimentalȱdiffractionȱdataȱ
forȱnitrogenȱexpandedȱaustenite.ȱ
Generalȱ conclusionsȱ andȱ aȱ summaryȱ ofȱ obtainedȱ resultsȱ areȱ givenȱ inȱ Chapterȱ 8.ȱ Inȱ
addition,ȱtwoȱappendicesȱareȱincluded:ȱAppendixȱAȱcontainsȱreprintsȱofȱpublishedȱscientificȱ
papers1ȱandȱAppendixȱBȱdescribesȱ additionalȱ experimentalȱdetailsȱ regardingȱ synthesisȱofȱ
nitrogenȱexpandedȱausteniteȱandȱXȬrayȱRamanȱspectroscopy.ȱ
ȱ
ȱ
ȱ
ȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱ
1ȱNoteȱthat,ȱatȱtheȱtimeȱofȱcompletionȱofȱthisȱdissertation,ȱonlyȱoneȱpublicationȱ(AppendixȱA.1)ȱ
hasȱbeenȱfinalized.ȱAdditionalȱpublicationsȱbasedȱonȱtheȱremainderȱofȱobtainedȱscientificȱresultsȱareȱ
inȱpreparation.ȱ
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Chapterȱ2 ȱ
Backgroundȱandȱliteratureȱreviewȱ
ȱ
ȱ
ȱ
Inȱ orderȱ toȱ obtainȱ aȱ comprehensiveȱ understandingȱ ofȱ nitridingȱ andȱ nitrocarburizingȱ
processes,ȱ anȱ accurateȱ descriptionȱ ofȱ theȱ governingȱ thermodynamicsȱ andȱ kineticsȱ isȱ
essential.ȱ Thisȱ chapterȱ introducesȱ keyȱ thermodynamicȱ considerationsȱ andȱ summarizesȱ
availableȱliteratureȱonȱtheȱstructuralȱandȱmagneticȱpropertiesȱofȱrelevantȱironȬbasedȱnitridesȱ
andȱcarbides.ȱTheȱ lastȱsectionȱ introducesȱsoȬcalledȱexpandedȱaustenite,ȱwhichȱ isȱproducedȱ
fromȱlowȱtemperatureȱtreatmentsȱ(nitriding,ȱcarburizingȱandȱnitrocarburizing)ȱofȱausteniticȱ
stainlessȱsteel.ȱ
2.1 Thermodynamicsȱ
Theȱ binaryȱ phaseȱ diagramsȱ forȱ theȱ ironȬcarbonȱ andȱ ironȬnitrogenȱ systemsȱ areȱ givenȱ inȱ
Figureȱ 2.1.ȱ Theseȱ showȱ stabilityȱ regionsȱ forȱ phasesȱ asȱ aȱ functionȱ ofȱ temperatureȱ andȱ
compositionȱ atȱ 1ȱ atmȱ pressure.ȱ Forȱ theȱ ironȬcarbonȱ systemȱ bothȱ theȱ stableȱ diagram,ȱ
includingȱ theȱ phaseȱ graphite,ȱ andȱ theȱ technologicallyȱ importantȱ metastableȱ diagram,ȱ
includingȱtheȱphaseȱcementite,ȱFe3C,ȱareȱshown.ȱCementite,ȱasȱwellȱasȱotherȱironȱcarbides,ȱisȱ
unstableȱatȱnormalȱ temperatureȱandȱpressuresȱandȱproneȱ toȱdecompositionȱ intoȱ ironȱandȱ
carbonȱ(graphite),ȱalthoughȱkineticallyȱhinderedȱatȱlowȱtemperatures.ȱ
Molecularȱnitrogenȱgas,ȱN2,ȱplaysȱaȱsimilarȱroleȱforȱtheȱironȬnitrogenȱsystemȱasȱgraphiteȱ
doesȱforȱtheȱironȬcarbonȱsystem.ȱTheȱpresentedȱironȬnitrogenȱphaseȱdiagramȱis,ȱinȱfact,ȱalsoȱ
metastableȱ withȱ ironȱ nitridesȱ beingȱ unstableȱ withȱ respectȱ toȱ formationȱ ofȱ ironȱ andȱ
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molecularȱnitrogen.ȱNitridingȱofȱ ironȬbasedȱ componentsȱ isȱ thusȱonlyȱpossibleȱdueȱ toȱ theȱ
limitedȱkineticsȱofȱ thisȱdecomposition.ȱSignificantȱporosityȱdevelopmentȱdueȱ toȱ formationȱ
ofȱN2ȱcan,ȱhowever,ȱoccurȱduringȱnitridingȱasȱaȱconsequenceȱofȱnonȬnegligibleȱkineticsȱatȱ
theȱnitridingȱtemperature.ȱ
ȱȱ
ȱ
ȱ
Figureȱ2.1:ȱBinaryȱphaseȱdiagramsȱ forȱa)ȱFeȬCȱ (solidȱ lines)ȱandȱmetastableȱFeȬFe3Cȱ (dottedȱ lines)ȱ
andȱb)ȱtheȱFeȬNȱsystem.ȱReproducedȱfromȱMassalskiȱ(1996).ȱ
Thermodynamicȱ controlȱ ofȱ nitridingȱ andȱ nitrocarburizingȱ isȱ achievedȱ viaȱ gaseousȱ
processes.ȱDueȱ toȱ theȱ stabilityȱ ofȱN2ȱ thereȱ isȱ virtuallyȱ noȱ thermalȱdissociationȱ toȱ atomicȱ
nitrogenȱwithinȱ theȱ typicalȱ temperatureȱ rangeȱusedȱ forȱnitriding.ȱAtȱ theseȱ temperatures,ȱ
nitrogenȱ gasȱ isȱ thusȱ onlyȱ suitableȱ asȱ aȱ nitridingȱmediaȱ afterȱ itȱ hasȱ beenȱ dissociatedȱ inȱ
plasma.ȱ Inȱcontrast,ȱNH3ȱexhibitsȱaȱ suitableȱdissociationȱ rateȱ inȱcontactȱwithȱ ironȱorȱ steelȱ
surfaces,ȱallowingȱforȱpreciseȱcontrolȱofȱtheȱthermodynamicȱconditionsȱbyȱnitridingȱinȱgasȱ
mixturesȱofȱammoniaȱandȱhydrogen.ȱ
2.1.1 GasȬsolidȱreactions,ȱpotentialsȱandȱactivitiesȱ
Sinceȱ theȱ chemicalȱpotentialȱ ofȱ aȱ speciesȱ isȱ aȱ stateȱvariableȱ andȱ thusȱ independentȱ ofȱ theȱ
routeȱtakenȱtoȱreachȱaȱcertainȱstate,ȱnitridingȱinȱgasȱmixturesȱofȱammoniaȱandȱhydrogenȱcanȱ
beȱformallyȱconsideredȱasȱtheȱresultȱofȱbringingȱN2ȱgasȱintoȱcontactȱwithȱaȱmetallicȱsurfaceȱ
underȱaȱcertainȱpressureȱ(Mittemeijerȱ&ȱSlycke,ȱ1996).ȱTheȱinitialȱadsorptionȱofȱnitrogenȱcanȱ
beȱviewedȱasȱtheȱsumȱofȱtheȱfollowingȱreactions:ȱ
ȱ
NH3ȱ֎ȱ1/2ȱN2ȱ+ȱ3/2ȱH2ȱ (2.1)
ȱ
1/2ȱN2ȱ֎ȱNad (2.2)
ȱ
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Theȱadsorbedȱnitrogen,ȱNad,ȱmayȱ thenȱ followȱoneȱofȱ twoȱ routes;ȱeitherȱdiffusingȱ intoȱ theȱ
solidȱ phaseȱ resultingȱ inȱ theȱ desiredȱ effectȱ ofȱ atomicȱ nitrogenȱ dissolvedȱ inȱ theȱmetallicȱ
matrix,ȱrepresentedȱasȱ[N]:ȱ
ȱ
Nad֎ȱ[N] (2.3)
ȱ
orȱ recombineȱ toȱ formȱ molecularȱ nitrogenȱ andȱ desorbingȱ fromȱ theȱ surface,ȱ whichȱ
counteractsȱnitriding:ȱ
ȱ
Nad൅ȱNad֎ȱN2 (2.4)
ȱ
Althoughȱ reactionȱ (2.4)ȱ isȱ thermodynamicallyȱ favored,ȱ theȱ reactionȱ rateȱ isȱ comparativelyȱ
lowȱ (Grabke,ȱ1968a)ȱandȱ canȱ thusȱbeȱneglected.ȱCombiningȱ reactionsȱ (2.1),ȱ (2.2)ȱandȱ (2.3)ȱ
yieldsȱtheȱtotalȱnitridingȱreaction:ȱ
ȱ
NH3ȱ֎ȱ[N]ȱ+ȱ3/2ȱH2ȱ (2.5)
ȱ
Itȱ shouldȱ beȱ notedȱ thatȱ theȱ actualȱ reactionȱ involvesȱ adsorbedȱ ammoniaȱmoleculesȱ thatȱ
dissociateȱbyȱstepwiseȱremovalȱofȱhydrogenȱatomsȱatȱtheȱsurfaceȱ(Grabke,ȱ1968b).ȱ
Thermodynamically,ȱ ammoniaȱ gasȱ shouldȱ beȱ practicallyȱ fullyȱ decomposedȱ intoȱ
nitrogenȱ andȱ hydrogenȱ gasȱ (catalyticallyȱ activatedȱ byȱ ironȬbasedȱ surfaces)ȱ atȱ typicalȱ
nitridingȱ temperaturesȱ andȱ pressure,ȱ accordingȱ toȱ reactionȱ (2.1).ȱNitridingȱ inȱ ammoniaȬ
hydrogenȱ gasȱ mixturesȱ isȱ thusȱ onlyȱ possibleȱ dueȱ toȱ theȱ slowȱ kineticsȱ ofȱ ammoniaȱ
dissociation.ȱAȱstationaryȱgasȱatmosphereȱisȱthereforeȱinappropriateȱforȱcontrolledȱnitridingȱ
whereȱaȱsufficientlyȱhighȱflowȱrateȱshouldȱbeȱmaintainedȱinȱorderȱtoȱavoidȱdissociation.ȱ
Nitrocarburizingȱmayȱ beȱ achievedȱ byȱ additionȱ ofȱ suitableȱ carbonȱ sourcesȱ toȱ theȱ gasȱ
mixture,ȱ forȱ exampleȱ COȱ andȱ CO2.ȱ Theȱ presenceȱ ofȱ bothȱ oxygenȱ andȱ hydrogenȱ does,ȱ
however,ȱ complicateȱ thermodynamicȱ controlȱofȱ theȱgasȱatmosphereȱdueȱ toȱ sideȱ reactionsȱ
involvingȱwater,ȱH2O.ȱThisȱisȱavoidedȱinȱgasȱmixturesȱbasedȱonȱunsaturatedȱhydrocarbonsȱ
likeȱ acetyleneȱ (C2H2)ȱ orȱ propeneȱ (C3H6),ȱ whereȱ theȱ carburizingȱ reactionȱ proceedsȱ byȱ
(Pedersenȱetȱal.,ȱ2011):ȱ
ȱ
CxHy֎ȱxȱ[C]ȱ+ȱy/2ȱH2 (2.6)
ȱ
Assumingȱ idealȱgasses,ȱ theȱactivityȱofȱdissolvedȱnitrogen,ȱ aN,ȱandȱ carbon,ȱ aC,ȱ inȱ theȱ solidȱ
phase,ȱcanȱbeȱdefinedȱasȱfollowsȱatȱ1ȱatmȱpressure:ȱ
ȱ
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aNȱ=ȱK2.5ȉKNȱ KNȱ=ȱȱ 2/3
2
3
H
NH
p
p
ȱ (2.8)
aCȱ=ȱK2.6ȉKCȱ KCȱ=ȱ x 2/y
H
HC
2
yx
p
p
ȱ (2.9)
ȱ
whereȱK2.5ȱandȱK2.6ȱareȱ theȱ temperatureȬdependentȱequilibriumȱ constantsȱofȱ reactionsȱ (2.5)ȱ
andȱ (2.6),ȱ respectively.ȱ Theȱ processȱ isȱ controlledȱ byȱ adjustingȱ theȱ soȬcalledȱ nitridingȱ
potential,ȱ KN,ȱ andȱ carburizingȱ potential,ȱ KC,ȱ whereȱ pNH3,ȱ pH2ȱ andȱ pCxHyȱ areȱ theȱ partialȱ
pressuresȱ(inȱatm)ȱofȱtheȱgasȱcomponentsȱNH3,ȱH2ȱandȱCxHy.ȱ
ȱ
2.1.2 LocalȱgasȬsolidȱequilibriaȱandȱstationaryȱstatesȱ
Ironȱnitridesȱareȱmetastableȱwithȱrespectȱtoȱdecompositionȱintoȱironȱandȱmolecularȱnitrogenȱ
atȱnormalȱtemperatureȱandȱpressures,ȱbutȱnitridingȱinȱammoniaȬhydrogenȱgasȱmixturesȱatȱ1ȱ
atmȱ correspondsȱ toȱ anȱ equilibriumȱ pressureȱ ofȱ (hypothetical)ȱ N2ȱ severalȱ ordersȱ ofȱ
magnitudeȱhigherȱthanȱatmosphericȱpressure.ȱTheȱsoȬcalledȱLehrerȱdiagramȱ(Lehrer,ȱ1930)ȱ
depictsȱ theȱ stabilityȱ regionsȱ ofȱ ironȬbasedȱ nitridesȱ inȱ flowingȱ ammoniaȬhydrogenȱ gasȱ
mixturesȱ(Figureȱ2.2).ȱ
ȱ
ȱ
ȱ
ȱ
Figureȱ2.2:ȱLehrerȱdiagramȱ(Lehrer,ȱ1930),ȱdepictingȱtheȱstabilityȱofȱFe–Nȱphasesȱasȱaȱfunctionȱofȱ
temperatureȱandȱnitridingȱpotentialȱ (andȱ theȱcorrespondingȱammoniaȱcontentȱ inȱanȱNH3ȬH2ȱgasȱ
mixtureȱatȱ1ȱatm).ȱReproducedȱfromȱMittemeijerȱ&ȱSlyckeȱ(1996).ȱ
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LinesȱinȱtheȱLehrerȱdiagramȱrepresentȱtwoȱcoexistingȱsolidȱphasesȱinȱequilibriumȱwithȱeachȱ
otherȱandȱtheȱnitridingȱatmosphere,ȱi.e.ȱanȱimposedȱthreeȬphaseȱequilibrium.ȱTheȱnitridingȱ
potentialsȱatȱeachȱtemperatureȱ(asȱwellȱasȱactivitiesȱandȱchemicalȱpotentialsȱofȱnitrogen)ȱareȱ
equalȱ forȱ theȱ twoȱ ironȬnitrogenȱphases.ȱSimilarly,ȱ theȱcoexistenceȱofȱ threeȱ solidȱphasesȱ inȱ
equilibriumȱwithȱaȱgasȱphase,ȱi.e.ȱaȱfourȬphaseȱequilibrium,ȱisȱrepresentedȱbyȱaȱpoint.ȱ
Dueȱ toȱ theȱmetastabilityȱofȱ ironȱnitridesȱandȱ carbides,ȱ thermodynamicȱequilibriumȱ isȱ
onlyȱ(atȱbest)ȱestablishedȱatȱtheȱveryȱsurfaceȱofȱaȱcomponentȱinȱcontactȱwithȱtheȱnitridingȱ(orȱ
nitrocarburizing)ȱatmosphere.ȱTheȱactivitiesȱgivenȱinȱequationsȱ(2.8)ȱandȱ(2.9)ȱareȱvalidȱforȱ
localȱ equilibriumȱ betweenȱ theȱgasȱphaseȱ andȱdissolvedȱnitrogenȱ andȱ carbonȱ inȱ theȱ solidȱ
phase.ȱ Suchȱ (local)ȱ equilibriumȱ is,ȱ however,ȱ notȱ alwaysȱ establishedȱ andȱ becomesȱ
increasinglyȱ difficultȱ toȱ realizeȱ forȱ nitridingȱ atȱ highȱ temperaturesȱ orȱ highȱ nitridingȱ
potentialsȱ (Mittemeijer,ȱ2013).ȱThisȱ isȱdueȱ toȱnonȬnegligibleȱrecombinationȱandȱdesorptionȱ
ofȱadsorbedȱnitrogenȱaccordingȱ toȱ reactionȱ (2.4).ȱ Inȱ theȱcaseȱofȱnoȱ significantȱdiffusionȱofȱ
dissolvedȱnitrogenȱ fromȱ theȱ surfaceȱ intoȱ theȱbulkȱofȱ theȱ specimen,ȱ aȱ soȬcalledȱ stationaryȱ
stateȱisȱestablishedȱwhenȱtheȱrateȱofȱnitrogenȱabsorptionȱequalsȱthatȱofȱN2ȱdesorption.ȱInȱthisȱ
case,ȱ theȱ activityȱ (andȱ chemicalȱpotential)ȱ ofȱ theȱdissolvedȱnitrogenȱ atȱ theȱ surfaceȱ ofȱ theȱ
specimenȱ isȱ lowerȱ thanȱ thatȱ determinedȱ fromȱ theȱ gasȱ composition.ȱNegligibleȱ nitrogenȱ
diffusionȱmayȱbeȱobtainedȱforȱhomogeneousȱsamplesȱorȱinȱtheȱlaterȱstagesȱofȱnitriding.ȱ
SimilarȱtoȱtheȱLehrerȱdiagramȱforȱtheȱFeȬNȱsystem,ȱaȱphaseȱstabilityȱdiagramȱforȱtheȱFe–
N–Cȱsystem,ȱasȱwellȱasȱseveralȱisothermalȱsectionsȱofȱtheȱternaryȱphaseȱdiagram,ȱhaveȱbeenȱ
publishedȱ (Naumannȱ &ȱ Langenscheid,ȱ 1965a;ȱ b).ȱ Theȱ resultsȱ wereȱ obtainedȱ fromȱ
nitrocarburizingȱ ofȱ ironȱ powderȱ inȱ flowingȱNH3–H2–COȱ gasȱmixtures.ȱ Theȱwaterȱ vaporȱ
contentȱinȱtheȱappliedȱgasȱmixturesȱwasȱnotȱprovided,ȱimplyingȱthatȱtheȱcarbonȱactivitiesȱinȱ
theȱ reportedȱ diagramsȱ areȱ undetermined.ȱ Thisȱ problemȱmayȱ beȱ circumventedȱ byȱ usingȱ
unsaturatedȱ hydrocarbonsȱ likeȱ acetyleneȱ (C2H2)ȱ orȱ propeneȱ (C3H6).ȱ Sinceȱ noȱ oxygenȱ isȱ
present,ȱsuchȱgassesȱofferȱeasierȱthermodynamicȱcontrolȱofȱtheȱgasȱatmosphere.ȱ
2.2 IronȬbasedȱnitridesȱandȱcarbidesȱ
Theȱ structuresȱ ofȱ solidȱ solutionsȱ ofȱ nitrogenȱ andȱ carbonȱ inȱ ironȱ andȱ itsȱ alloysȱ areȱ bestȱ
consideredȱ inȱ termsȱ ofȱ hexagonalȱ closeȬpackingȱ (h.c.p.),ȱ bodyȬcenteredȱ cubicȱ (b.c.c.)ȱ andȱ
faceȬcenteredȱ cubicȱ (f.c.c.)ȱ unitȱ cells.ȱAtȱ ambientȱ conditionsȱ pureȱ ironȱ exhibitsȱ theȱ b.c.c.ȱ
crystalȱstructureȱandȱisȱdenotedȱ΅ȬFeȱorȱferrite.ȱTheȱstructureȱchangesȱtoȱf.c.cȱatȱ1185ȱKȱandȱ
thisȱ configurationȱ isȱ namedȱ ·ȬFeȱ orȱ austenite.ȱ Twoȱ additionalȱ allotropesȱ ofȱ ironȱ exist;ȱ aȱ
highȬtemperatureȱb.c.c.ȱstructureȱ(ΈȬFe)ȱandȱaȱhighȬpressureȱh.c.p.ȱstructureȱ(ΉȬFe).ȱInȱbothȱ
ferriteȱandȱaustenite,ȱsolidȱsolutionsȱofȱnitrogenȱandȱcarbonȱareȱformedȱbyȱtheseȱoccupyingȱ
interstitialȱsites.ȱThereȱareȱ twoȱdistinctȱ typesȱofȱavailableȱsites;ȱoctahedralȱandȱ tetrahedralȱ
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ȱ
(Figureȱ2.3).ȱInȱf.c.cȱlatticesȱtheȱavailableȱvolumeȱisȱlargestȱforȱtheȱoctahedralȱpositionsȱandȱ
theseȱareȱthereforeȱpreferredȱforȱdissolutionȱinȱaustenite.ȱTheȱinterstitialȱatomȱisȱsurroundedȱ
byȱsixȱFeȱatomsȱatȱequalȱdistanceȱandȱisȱthusȱassociatedȱwithȱanȱisotropicȱlocalȱdistortionȱofȱ
theȱlattice.ȱTheȱaverageȱlatticeȱparameterȱincreasesȱwithȱincreasingȱinterstitialȱcontent.ȱ
ȱ
Figureȱ 2.3:ȱ Octahedralȱ andȱ tetrahedralȱ interstitialȱ positionsȱ inȱ faceȬcenteredȱ cubicȱ (f.c.c.)ȱ andȱ
bodyȬcenteredȱcubicȱ(b.c.c.)ȱlattices.ȱ
Inȱtheȱb.c.c.ȱlatticeȱofȱferrite,ȱtetrahedralȱholesȱareȱlargest,ȱbutȱtheȱdistortedȱoctahedralȱsitesȱ
areȱstillȱpreferred.ȱThisȱcanȱbeȱexplainedȱfromȱtheȱfavorableȱreliefȱofȱstrainȱbyȱdisplacementȱ
ofȱtheȱtwoȱnearestȱneighborȱironȱatomsȱ(verticalȱinȱFigureȱ2.3).ȱInȱcomparison,ȱmoreȱenergyȱ
wouldȱbeȱneededȱtoȱdisplaceȱtheȱfourȱnearestȱneighborsȱofȱtheȱtetrahedralȱsitesȱ(Mittemeijer,ȱ
2010).ȱInȱspiteȱofȱtheȱtetragonalȱsymmetryȱofȱtheȱdistortion,ȱtheȱaverageȱlatticeȱremainsȱcubicȱ
dueȱ toȱ theȱ lowȱ amountȱ ofȱ interstitialsȱ thatȱ canȱ maximallyȱ beȱ dissolved.ȱ Maximumȱ
solubilitiesȱareȱaboutȱ0.02ȱwt%ȱCȱandȱ0.10ȱwt%ȱNȱforȱferriteȱandȱ2.1ȱwt%ȱCȱandȱ2.4ȱwt%ȱNȱ
inȱausteniteȱ(Mittemeijer,ȱ2010).ȱTheȱ largerȱsolubilityȱ inȱausteniteȱ isȱ inȱagreementȱwithȱtheȱ
largerȱavailableȱvolumeȱofȱtheȱoctahedralȱpositions.ȱ
InȱaȱsystematicȱstudyȱofȱtheȱironȬnitrogenȱsystemȱbyȱJackȱ(1948a,ȱ1951a;ȱb)ȱitȱwasȱshownȱ
thatȱ quenchingȱ fromȱ theȱ austeniteȱ regionȱ formsȱ nitrogenȱmartensite,ȱ ΅’,ȱ aȱ tetragonallyȱ
distortedȱ bodyȬcenteredȱ structure,ȱ asȱ isȱ theȱ caseȱ forȱ theȱ ironȬcarbonȱ system.ȱ Theȱ b.c.c.ȱ
configurationȱ cannotȱ incorporateȱ theȱ largeȱ amountȱ ofȱ interstitialȱ atoms.ȱ Theȱ tetragonalȱ
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distortionȱoccursȱsinceȱdiffusionȱisȱlimitedȱbyȱtheȱcoolingȱrateȱandȱprecipitationȱofȱcarbonȱorȱ
nitrogenȬrichȱphasesȱisȱhindered.ȱProlongedȱannealingȱofȱnitrogenȱmartensiteȱatȱ390ȱ–ȱ430ȱKȱ
leadsȱ toȱpartialȱ formationȱofȱanȱorderedȱmartensite,ȱ΅’’ȬFe16N2.ȱAdditionalȱorderedȱphasesȱ
areȱ foundȱ inȱ theȱ ironȬnitrogenȱ systemȱ forȱ increasingȱ interstitialȱ content,ȱ e.g.ȱ ·’ȱ andȱ ΉȬ
nitridesȱcf.ȱtheȱphaseȱdiagramȱinȱFigureȱ2.1(b).ȱ
2.2.1 Nitrides:ȱ·’ȬFe4NȱandȱΉȬFe2N1Ȭzȱ
Theȱ structureȱofȱ ·’ȬFe4Nȱ consistsȱofȱ anȱ f.c.c.ȱ arrangementȱofȱ ironȱ atomsȱwithȱnitrogenȱ inȱ
octahedralȱinterstitialȱpositionsȱsimilarȱtoȱausteniteȱ(Figureȱ2.3).ȱLongȱrangeȱorder,ȱhowever,ȱ
existsȱbetweenȱnitrogenȱ atoms,ȱ resultingȱ inȱonlyȱoneȱ fourthȱofȱ theȱoctahedralȱ sitesȱbeingȱ
occupiedȱ (cornerȬsharingȱoctahedra).ȱThisȱcreatesȱ twoȱ inequivalentȱFeȱsites;ȱoneȱwithȱ twoȱ
nitrogenȱnearestȱneighborsȱandȱoneȱuncoordinated,ȱ i.e.ȱ12ȱ ironȱnearestȱneighbors.ȱFe4Nȱ isȱ
ferromagneticȱwithȱaȱCurieȱtemperature,ȱTC,ȱȱofȱapproximatelyȱ767ȱKȱ(Shiraneȱetȱal.,ȱ1962).ȱInȱ
Mössbauerȱspectroscopyȱthreeȱinequivalentȱsitesȱareȱobservedȱ(Nozikȱetȱal.,ȱ1969;ȱBlancáȱetȱ
al.,ȱ2009)ȱsinceȱtheȱfaceȬcenteredȱsiteȱ(nitrogenȱnearestȱneighbors)ȱgeneratesȱtwoȱcomponentsȱ
orȱ subspectra.ȱTheseȱ sitesȱhaveȱ tetragonalȱ symmetryȱandȱ theȱpreferentialȱdirectionȱofȱ theȱ
magneticȱmomentsȱmakesȱtheȱtwoȱaxialȱandȱfourȱequatorialȱsitesȱinequivalent.ȱ
Theȱ structureȱ ofȱ ΉȬFe2N1Ȭzȱ isȱ basedȱ onȱ anȱ h.c.p.ȱ ironȱ lattice.ȱ Inȱ thisȱ arrangementȱ
octahedralȱsitesȱsharingȱcommonȱ facesȱareȱpresent,ȱaȱfeatureȱnotȱseenȱ inȱf.c.c.ȱ lattices.ȱTheȱ
simultaneousȱoccupationȱofȱtwoȱsuchȱsitesȱinducesȱstronglyȱrepulsiveȱinteractionsȱandȱsuchȱ
aȱ structuralȱ featureȱdoesȱnotȱoccurȱ forȱ anyȱwellȬorderedȱ interstitialȱ compoundȱ (Parthéȱ&ȱ
Yvon,ȱ1970).ȱThisȱ limitsȱ theȱmaximumȱnitrogenȱcontentȱ toȱaȱcompositionȱofȱFe2N.ȱAtȱ thisȱ
composition,ȱ however,ȱ aȱ rearrangementȱ ofȱ Nȱ occursȱ underȱ formationȱ ofȱ theȱ
orthorhombicallyȱdistortedȱΊȬFe2Nȱ(Jack,ȱ1948a).ȱ
ForȱΉȬFe2N1Ȭzȱinȱtheȱcompositionalȱrangeȱofȱ0.01ȱǂȱzȱǂȱ1/3,ȱJackȱ(1952)ȱderivedȱaȱstructuralȱ
modelȱ forȱnitrogenȱordering.ȱThisȱwasȱbasedȱonȱobservedȱsuperstructureȱreflectionsȱ inȱXȬ
rayȱdiffractionȱpatternsȱrequiringȱunitȱcellȱdimensionsȱincreasedȱbyȱ31/2ȱ×ȱ31/2ȱ×ȱ1ȱwithȱrespectȱ
toȱ theȱh.c.p.ȱcell.ȱTheȱmodelȱ isȱbasedȱonȱ ideallyȱorderedȱ structuresȱFe3Nȱ (zȱ=ȱ 1/3)ȱ inȱ spaceȱ
groupȱP6322ȱandȱFe2Nȱ(zȱ=ȱ0)ȱinȱspaceȱgroupȱP3–1mȱalthoughȱonlyȱvalidȱforȱzȱǃȱ0.01,ȱasȱnoted.ȱ
Microscopicȱthermodynamicȱmodelsȱbasedȱonȱpairȱpotentialsȱbetweenȱtheȱinterstitialȱatomsȱ
alsoȱpredictȱ theseȱorderedȱ lowȱ temperatureȱphasesȱ (Hillertȱ&ȱ Jarl,ȱ1977;ȱKooiȱ etȱal.,ȱ1994).ȱ
TheȱintermediateȱrangeȱisȱdescribedȱbyȱP312ȱsymmetry.ȱTheȱsuperstructureȱcellȱcontainsȱsixȱ
Feȱatomsȱandȱsixȱoctahedralȱinterstitialȱsites.ȱTheȱmainȱdifferenceȱbetweenȱtheȱspaceȱgroupsȱ
isȱtheȱnumberȱofȱinequivalentȱoctahedralȱsites,ȱwhichȱisȱthreeȱforȱP6322,ȱfourȱforȱP3–1mȱandȱ
sixȱforȱP312ȱsymmetry.ȱSitesȱareȱlabeledȱA1ȬC2ȱaccordingȱtoȱTableȱ2.1ȱ(Leineweberȱ&ȱJacobs,ȱ
2000)ȱandȱ theȱstructuresȱareȱshownȱ inȱFigureȱ2.4.ȱStartingȱfromȱaȱcompositionȱofȱFe3Nȱ theȱ
sitesȱA1ȱandȱB2ȱareȱfilled.ȱIncreasingȱnitrogenȱcontentȱfillsȱtheȱC2ȱsite.ȱ
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Tableȱ2.1:ȱSiteȱoccupanciesȱ(ȡ),ȱWyckoffȱsitesȱ(Wyc.)ȱandȱcoordinatesȱ(r)ȱforȱoctahedralȱsitesȱinȱΉȬFe2N1Ȭzȱaccordingȱ
toȱtheȱmodelȱofȱJackȱ(1952).ȱ
ȱ ΉȬFe3NȱȱȬȱȱP6322ȱ ΉȬFe2N1ȬzȱȱȬȱȱP312ȱ ΉȬFe2NȱȱȬȱȱP3–1mȱ
Siteȱ ȡȱ Wyc.ȱ ȱ ȱ rȱ ȱ ȱ ȡȱ Wyc.ȱ ȱ ȱ rȱ ȱ ȱ ȡȱ Wyc.ȱ ȱ rȱ ȱ ȱ
A1ȱ 1ȱ (2c)ȱ (ȱ1/3ȱ2/3ȱ1/4ȱ)ȱ 1ȱ (1a)ȱ (ȱ0ȱ 0ȱ 0ȱ )ȱ 1ȱ (1a)ȱ ( 0ȱ 0ȱ 0ȱ )ȱ
A2ȱ 0ȱ (2d)ȱ (ȱ1/3ȱ2/3ȱ3/4ȱ)ȱ 0ȱ (1b)ȱ (ȱ0ȱ 0ȱ 1/2ȱ)ȱ 0ȱ (1b)ȱ ( 0ȱ 0ȱ 1/2ȱ)ȱ
B1ȱ 0ȱ (2d)ȱ (ȱ2/3ȱ1/3ȱ1/4ȱ)ȱ 0ȱ (1c)ȱ (ȱ1/3ȱ2/3ȱ 0ȱ )ȱ 0ȱ (2c)ȱ ( 1/3ȱ2/3ȱ 0ȱ )ȱ
B2ȱ 1ȱ (2c)ȱ (ȱ2/3ȱ1/3ȱ3/4ȱ)ȱ 1ȱ (1d)ȱ (ȱ1/3ȱ2/3ȱ1/2ȱ)ȱ 1ȱ (2d)ȱ ( 1/3ȱ2/3ȱ1/2ȱ)ȱ
C1ȱ 0ȱ (2b)ȱ (ȱ0ȱ 0ȱ 1/4ȱ)ȱ 0ȱ (1e)ȱ (ȱ2/3ȱ1/3ȱ 0ȱ )ȱ 0ȱ (2c)ȱ ( 2/3ȱ1/3ȱ 0ȱ )ȱ
C2ȱ 0ȱ (2b)ȱ (ȱ0ȱ 0ȱ 3/4ȱ)ȱ 1Ȭ3zȱ (1f)ȱ (ȱ2/3ȱ1/3ȱ1/2ȱ)ȱ 1ȱ (2d)ȱ ( 2/3ȱ1/3ȱ1/2ȱ)ȱ
ȱ
ȱ
ȱ
Figureȱ2.4:ȱa)ȱOctahedralȱinterstitialȱpositionsȱinȱanȱh.c.p.ȱstructureȱofȱFeȱatomsȱ(darkȱspheres)ȱandȱ
b)ȱ fullyȱorȱpartiallyȱoccupiedȱNȱ sitesȱ inȱ theȱstructuresȱofȱ ΉȬFe3N,ȱ ΉȬFe2N1Ȭzȱandȱ ΉȬFe2N.ȱNoteȱ theȱ
differentȱchoiceȱofȱoriginȱforȱP6322ȱsymmetryȱasȱcomparedȱtoȱP3–1mȱandȱP312.ȱ
ȱ
Theȱdifferentȱspaceȱgroups,ȱandȱthusȱtheȱnitrogenȱordering,ȱcanȱbeȱdistinguishedȱinȱtermsȱofȱ
superstructureȱ reflectionsȱ observedȱ inȱ diffractionȱ experiments.ȱ Forȱ ΉȬtypeȱ structuresȱ thisȱ
informationȱ isȱ containedȱ inȱ fourȱ differentȱ classesȱ ofȱ reflectionsȱ namedȱ afterȱ theȱ firstȱ
occurringȱrepresentativeȱreflectionȱ(Leineweberȱ&ȱJacobs,ȱ2000):ȱ
ȱ
ȱ ȱ (110)ȱclass:ȱhȱƺȱkȱ=ȱ3n,ȱlȱevenȱ
ȱ ȱ (001)ȱclass:ȱhȱƺȱkȱ=ȱ3n,ȱlȱunevenȱ
ȱ ȱ (100)ȱclass:ȱhȱƺȱkȱƾȱ3n,ȱlȱevenȱ
ȱ ȱ (101)ȱclass:ȱhȱƺȱkȱƾȱ3n,ȱlȱunevenȱ
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whereȱnȱisȱanȱinteger.ȱTheȱ(110)ȱclassȱisȱalwaysȱfundamentalȱwithȱrespectȱtoȱtheȱidealȱh.c.p.ȱ
arrangementȱ ofȱ theȱmetalȱ atoms.ȱ Theȱ overallȱ structureȱ factorȱ isȱ theȱ sumȱ ofȱmetalȱ andȱ
interstitialȱcontributions.ȱTheȱclassesȱ(100)ȱandȱ(101)ȱareȱpureȱsuperstructureȱreflections,ȱi.e.ȱ
forȱ anȱundistortedȱh.c.p.ȱmetalȱ latticeȱ thereȱ isȱ onlyȱ interstitialȱ contribution.ȱForȱ theȱ classȱ
(001)ȱreflectionsȱthereȱisȱnoȱmetalȱcontributionȱforȱh,ȱkȱ=ȱ3n,ȱe.g.ȱ(001),ȱ(003),ȱ(301)ȱandȱ(331).ȱ
FromȱJack’sȱP312ȱmodel,ȱsuperstructureȱreflectionsȱofȱtheȱclassesȱ(101),ȱ(100)ȱandȱ(001)ȱ
areȱexpected.ȱLeineweberȱetȱal.ȱ(2001)ȱinvestigatedȱΉȬFe2N1Ȭzȱinȱtheȱcompositionalȱrangeȱ0.07ȱ
ǂȱzȱǂȱ0.27ȱ ȱbutȱonlyȱobservedȱ(001)ȱreflectionsȱforȱFe2N0.81.ȱOtherȱsamplesȱwereȱmodeledȱ inȱ
P6322ȱsymmetryȱ inȱwhichȱtheȱ(001)ȱclassȱ isȱsystematicallyȱextinct.ȱPartialȱoccupancyȱofȱtheȱ
2bȱ siteȱwasȱ found,ȱ andȱ thisȱ deviatesȱ fromȱ theȱ idealȱmodelȱ inȱ thatȱ alsoȱ siteȱ C1ȱwillȱ beȱ
partiallyȱoccupied.ȱTheȱΉȬnitridesȱbecomeȱincreasinglyȱdisorderedȱatȱelevatedȱtemperatures.ȱ
ForȱaȱcompositionȱcloseȱtoȱFe3Nȱincreasing,ȱbutȱreversible,ȱdisorderȱisȱobservedȱaboveȱ470ȱKȱ
asȱ nitrogenȱ isȱ partiallyȱ transferredȱ toȱ theȱ 2bȱ Wyckoffȱ siteȱ (Leineweberȱ etȱ al.,ȱ 1999).ȱ
Additionally,ȱitȱhasȱbeenȱshownȱthatȱtheȱdegreeȱofȱdisorderȱcanȱbeȱcoupledȱtoȱtheȱaxialȱratioȱ
c/aȱ (Leineweber,ȱ 2007).ȱ Withȱ increasingȱ nitrogenȱ contentȱ theȱ ferromagneticȱ Curieȱ
temperatureȱdecreasesȱfromȱTCȱ؄ȱ575ȱKȱforȱzȱ=ȱ1/3ȱȱtoȱTCȱ؄ȱ10ȱKȱforȱzȱ=ȱ0.01.ȱ
Ironȱ sitesȱ inȱ ΉȬFe2N1Ȭzȱ canȱ beȱ differentiatedȱ withȱ respectȱ toȱ theȱ numberȱ ofȱ nearestȱ
neighborȱnitrogenȱatomsȱusingȱMössbauerȱspectroscopyȱ(Eickelȱ&ȱPitsch,ȱ1970).ȱAccordingȱ
toȱtheȱidealȱmodelȱeachȱironȱatomȱshouldȱbeȱsurroundedȱbyȱtwoȱnitrogenȱatomsȱforȱzȱ=ȱ1/3.ȱ
Forȱ increasingȱ nitrogenȱ contentȱ anȱ increasingȱ numberȱ ofȱ ironȱ atomsȱ areȱ surroundedȱ byȱ
threeȱnitrogenȱatoms.ȱExperimentally,ȱ twoȱseparateȱ ironȱenvironments,ȱeachȱcharacterizedȱ
byȱ threeȱnitrogenȱnearestȱneighbors,ȱ areȱobservedȱ (Chenȱ etȱal.,ȱ 1983;ȱ Somersȱ etȱal.,ȱ 1997),ȱ
whichȱmayȱnotȱreadilyȱbeȱexplainedȱbyȱtheȱmodel.ȱ
Shangȱetȱal.ȱ(2006)ȱproposedȱanȱexplanationȱforȱtheȱadditionalȱironȱenvironmentȱbasedȱ
onȱsimultaneousȱoccupationȱofȱtheȱA1,ȱB1ȱandȱC1ȱ(orȱequivalentlyȱA2,ȱB2ȱandȱC2)ȱsites,ȱi.e.ȱ
theȱ topȱ (orȱbottom)ȱplaneȱofȱ theȱ trigonalȱprismsȱcomprisedȱofȱoctahedralȱ interstitialȱsites.ȱ
Thisȱconfigurationȱalsoȱavoidsȱoctahedralȱsitesȱsharingȱcommonȱ faces,ȱbutȱ isȱenergeticallyȱ
unfavorableȱ dueȱ toȱ shorterȱ distancesȱ betweenȱ nitrogenȱ atoms.ȱ Theȱ discrepancyȱ betweenȱ
experimentalȱandȱcalculatedȱvaluesȱofȱhyperfineȱinteractionsȱ(Shangȱetȱal.,ȱ2006)ȱandȱlackȱofȱ
additionalȱ experimentalȱ evidenceȱ forȱ thisȱ typeȱ ofȱ orderingȱ seemsȱ toȱ disfavorȱ thisȱ
description.ȱAȱsimpleȱexplanationȱwasȱofferedȱbyȱChenȱetȱal.ȱ(1983)ȱinvolving,ȱforȱeachȱironȱ
atomȱ withȱ threeȱ nitrogenȱ nearestȱ neighbors,ȱ theȱ surroundingȱ ironȱ atomsȱ (secondȱ
coordinationȱshell).ȱTheseȱmay,ȱthemselves,ȱbeȱpredominantlyȱsurroundedȱbyȱeitherȱtwoȱorȱ
threeȱnitrogenȱatoms,ȱcausingȱtheȱtwoȱdifferentȱobservedȱironȱenvironments.ȱ
InȱΉȬironȱnitrides,ȱnitrogenȱmayȱbeȱpartiallyȱreplacedȱbyȱcarbon.ȱTheȱstructureȱisȱsimilarȱ
toȱthatȱofȱtheȱpureȱnitridesȱ(Jack,ȱ1948b),ȱbutȱsoȱfarȱlimitedȱresearchȱhasȱbeenȱperformedȱonȱ
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theȱ exactȱ resultingȱ structuralȱmodifications.ȱTheȱ axialȱ ratioȱ c/aȱdecreasesȱwithȱ increasingȱ
carbonȱ contentȱ (Naumannȱ&ȱLangenscheid,ȱ 1965b).ȱ Inȱ theȱ investigationȱofȱ aȱ carbonitrideȱ
withȱcompositionȱFe2(N0.8C0.20)0.92,ȱclassȱ(001)ȱreflectionsȱwereȱobservedȱwithoutȱtheȱpresenceȱ
ofȱ classȱ (100)ȱ reflectionsȱ (Leineweberȱ etȱ al.,ȱ 2001).ȱ Althoughȱ allowedȱ byȱ symmetry,ȱ aȱ
situationȱ whereȱ (100)ȱ reflectionsȱ areȱ notȱ presentȱ isȱ expectedȱ forȱ ΉȬFe2Nȱ andȱ aȱ P3–1mȱ
structuralȱmodelȱwasȱchosen.ȱNoȱextendedȱconclusionȱregardingȱtheȱinterstitialȱorderingȱinȱ
theȱΉȬcarbonitridesȱcan,ȱhowever,ȱbeȱdrawnȱfromȱthisȱsingleȱobservation.ȱ
2.2.2 Carbides:ȱΌȬM3C,ȱΛȬM5C2ȱandȱM7C3ȱ
Cementiteȱ(ΌȬFe3C)ȱisȱoneȱofȱtheȱmostȱcommonlyȱoccurringȱconstituentsȱinȱtheȱironȬcarbonȱ
system.ȱ TogetherȱwithȱHäggȱ carbide,ȱ ΛȬFe5C2,ȱ andȱ theȱ EckströmȬAdcockȱ carbide,ȱ Fe7C3,ȱ
cementiteȱformsȱaȱgroupȱofȱironȱcarbidesȱwithȱtrigonalȱprismaticȱcoordinationȱofȱcarbonȱbyȱ
ironȱatoms.ȱTheȱcrystalȱstructureȱofȱFe3Cȱ isȱdescribedȱbyȱanȱorthorhombicȱ latticeȱ inȱspaceȱ
groupȱ Pnma.ȱ Itȱ canȱ beȱ viewedȱ asȱ derivedȱ fromȱ aȱ h.c.p.ȱ packingȱ ofȱ ironȱ atomsȱ locallyȱ
distortedȱ toȱaccommodateȱcarbonȱ (Fasiskaȱ&ȱ Jeffrey,ȱ1965).ȱTheȱdistortionȱofȱcloseȬpackedȱ
layersȱcreatesȱ“pleated”ȱsheetsȱalternativelyȱfoldedȱupȱandȱdownȱasȱshownȱinȱFigureȱ2.5.ȱ
ȱ
ȱ
Figureȱ2.5:ȱTheȱ trigonalȱprismaticȱcoordinationȱofȱcarbonȱbyȱsixȱFeȱatomsȱ (left)ȱandȱ theȱpleatedȱ
closeȬpackedȱ layersȱ ofȱ Feȱ (right)ȱ inȱ theȱ structureȱ ofȱ cementite.ȱDarkȱ spheresȱ areȱ Feȱ andȱ lightȱ
spheresȱC.ȱ
TheȱironȬcarbonȱarrangementȱinȱcementiteȱisȱmoreȱcloselyȱpackedȱthanȱitȱwouldȱbeȱifȱcarbonȱ
occupiedȱtheȱoctahedralȱholesȱofȱaȱcloseȬpackedȱmetalȬatomȱarrangement,ȱwithȱtheȱvolumeȱ
perȱ ironȱ atomȱ inȱ Fe3Cȱ beingȱ aboutȱ 5%ȱ lessȱ thanȱ forȱ austeniteȱ extrapolatedȱ toȱ theȱ sameȱ
carbonȱcontentȱ(Jackȱ&ȱJack,ȱ1973).ȱCementiteȱisȱferromagneticȱatȱroomȱtemperatureȱwithȱaȱ
Curieȱtemperatureȱofȱapproximatelyȱ480ȱK.ȱMagneticȱpropertiesȱasȱwellȱasȱthermalȱstabilityȱ
andȱunitȱcellȱdimensionsȱareȱaffectedȱbyȱtheȱpartialȱsubstitutionȱofȱalloyingȱelementsȱfoundȱ
inȱcommercialȱsteelsȱ(Tsuzukiȱetȱal.,ȱ1984),ȱi.e.ȱM3CȱwithȱMȱbeingȱtheȱmetallicȱcomposition.ȱ
Häggȱcarbideȱ (ΛȬFe5C2)ȱ isȱanotherȱcommonȱconstituentȱofȱ theȱ ironȬcarbonȱsystem.ȱTheȱ
monoclinicȱstructureȱ(spaceȱgroupȱC2/c)ȱofȱHäggȱcarbideȱcloselyȱresemblesȱthatȱofȱcementiteȱ
withȱcarbonȱlocatedȱinȱtrigonalȱprisms,ȱbutȱwithȱprismsȱsharingȱadditionalȱedges,ȱasȱseenȱinȱ
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Figureȱ2.6.ȱAȱtriclinicȱstructureȱhasȱbeenȱproposedȱ(duȱPlessisȱetȱal.,ȱ2007)ȱbutȱwasȱshownȱtoȱ
probablyȱoriginateȱinȱmisinterpretationȱofȱanisotropicȱmicrostrainȱbroadeningȱ(Leineweberȱ
etȱal.,ȱ2012).ȱTheȱCurieȱtemperatureȱofȱHäggȱcarbideȱisȱTCȱ؄ȱ520ȱKȱ(Hofer,ȱ1966).ȱ
Figureȱ2.6:ȱArrangementȱofȱ trigonalȱprismsȱofȱFeȱatomsȱ inȱ theȱstructuresȱofȱcementiteȱ (left)ȱandȱ
Häggȱcarbideȱ(right).ȱ
Itȱshouldȱbeȱnotedȱthat,ȱinȱironȱnitridesȱnitrogenȱalwaysȱoccupiesȱoctahedralȱpositionsȱandȱisȱ
neverȱsurroundedȱbyȱaȱtrigonalȱprismȱofȱmetalȱatoms.ȱNitrogenȱsolubilityȱinȱbothȱΌȱandȱΛȱ
phasesȱ isȱ negligibleȱ (Jack,ȱ 1948b)ȱ andȱ theȱ occurrenceȱ ofȱ differentȱ typesȱ ofȱ interstitialȱ
environmentsȱmayȱbeȱexplainedȱbyȱtheȱdifferenceȱinȱelectronegativityȱofȱtheȱtwoȱnonȬmetalsȱ
(Jackȱ&ȱJack,ȱ1973).ȱ
Figureȱ2.7:ȱArrangementȱofȱcornerȬsharingȱ trigonalȱprismsȱ inȱFe7C3ȱ (left)ȱandȱ theȱunitȱcellȱofȱ theȱ
crystalȱstructureȱ(right).ȱDarkȱspheresȱareȱFeȱandȱlightȱspheresȱC.ȱ
Fe7C3,ȱorȱmoreȱgenerallyȱM7C3ȱ (Mȱ=ȱFe,ȱCr,ȱW,ȱetc.),ȱ isȱ formedȱ inȱvariousȱpreparationȱandȱ
thermalȱtreatmentȱprocessesȱofȱalloysȱandȱsteelsȱ(Fangȱetȱal.,ȱ2009).ȱTheȱCurieȱtemperatureȱofȱ
Fe7C3ȱisȱTCȱ؄ȱ520ȱKȱ(Eckströmȱ&ȱAdcock,ȱ1950)ȱsimilarȱtoȱthatȱofȱHäggȱcarbideȱandȱseveralȱ
structuralȱmodelsȱhaveȱbeenȱproposed;ȱtrigonalȱ(Westgren,ȱ1935),ȱorthorhombicȱ(Bouchadȱ
&ȱFruchart,ȱ1964)ȱandȱhexagonalȱ(Herbsteinȱ&ȱSnyman,ȱ1964).ȱTheȱproposedȱstructuresȱare
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similarȱandȱmayȱbeȱconsideredȱasȱbuiltȱupȱfromȱtheȱsameȱstructuralȱelementsȱconsistingȱofȱ
threeȱ trigonalȱ prismsȱ (Figureȱ 2.7).ȱ Theȱ correctȱ crystalȱ structureȱ isȱ orthorhombicȱ andȱ
describedȱinȱspaceȱgroupȱPnmaȱ(Fruchartȱ&ȱRouault,ȱ1969),ȱbutȱcrystalsȱareȱheavilyȱtwinnedȱ
andȱcontainȱstackingȱfaults.ȱOrderedȱsequencesȱofȱstackingȱfaultsȱessentiallyȱresultȱ inȱnewȱ
crystalȱstructuresȱdeviatingȱfromȱtheȱorthorhombicȱsymmetryȱ(Kowalski,ȱ1985).ȱ
ȱ
2.2.3 Expandedȱausteniteȱ
Austeniticȱ stainlessȱ steelsȱ areȱ f.c.c.ȱ alloysȱ ofȱ Fe,ȱCrȱ andȱNiȱ (andȱmayȱ containȱ additionalȱ
elements).ȱTheȱcorrosionȱresistanceȱofȱstainlessȱsteelȱisȱbasedȱonȱtheȱpresenceȱofȱchromiumȱ
inȱsolidȱsolution,ȱwhichȱallowsȱ theȱdevelopmentȱandȱmaintenanceȱofȱaȱpassiveȱchromiumȱ
oxideȱ layerȱ atȱ theȱ surface.ȱ Nitriding,ȱ carburizingȱ orȱ nitrocarburizingȱ isȱ generallyȱ
problematicȱ forȱ theseȱ steelsȱ asȱ itȱwillȱ leadȱ toȱ theȱ precipitationȱ ofȱ chromiumȱ nitridesȱ orȱ
carbidesȱ atȱhighȱ temperatures.ȱAlthoughȱ aȱ surfaceȱhardeningȱ effectȱ canȱ beȱ achieved,ȱ theȱ
stainlessȱcharacterȱ isȱ lostȱasȱ freeȱchromiumȱ isȱnoȱ longerȱavailableȱ toȱmaintainȱ theȱpassiveȱ
layer.ȱ
Formationȱ ofȱ chromiumȱ nitridesȱ andȱ carbidesȱ can,ȱ however,ȱ beȱ avoidedȱ withȱ lowȱ
temperatureȱ treatments.ȱNitridingȱofȱausteniticȱ stainlessȱ steelȱbelowȱapproximatelyȱ720ȱKȱ
introducesȱ nitrogenȱ intoȱ theȱ surfaceȬadjacentȱ regionȱ andȱ improvesȱ wearȱ andȱ fatigueȱ
performanceȱ (Christiansenȱ&ȱ Somers,ȱ 2009;ȱDong,ȱ 2010).ȱCorrosionȱ resistanceȱ isȱ retainedȱ
andȱmayȱevenȱbeȱ improvedȱbyȱ theȱprocessȱ (Liȱ&ȱBell,ȱ2004;ȱFossatiȱ etȱal.,ȱ2006)ȱwhileȱ theȱ
surfaceȱhardnessȱcanȱbeȱincreasedȱbyȱalmostȱanȱorderȱofȱmagnitudeȱ(Christiansenȱ&ȱSomers,ȱ
2005).ȱAȱ solidȱ solutionȱ ofȱ nitrogenȱ formsȱ inȱ theȱ nitridedȱ zoneȱ containingȱ 17–38ȱ at.%ȱN,ȱ
correspondingȱtoȱanȱoccupancyȱofȱtheȱ interstitialȱf.c.c.ȱsublatticeȱofȱ0.16–0.61ȱ(Christiansenȱ
&ȱSomers,ȱ2006a).ȱAsȱ theȱdevelopingȱcaseȱ isȱessentiallyȱaȱsupersaturatedȱsolidȱsolutionȱofȱ
nitrogenȱatomsȱinȱaustenite,ȱitȱisȱreferredȱtoȱasȱ(nitrogen)ȱexpandedȱaustenite,ȱ·N.ȱSimilarly,ȱ
carbonȱexpandedȱausteniteȱisȱdenotedȱ·C.ȱȱ
ExtendedȱXȬrayȱabsorptionȱfineȱstructureȱ(EXAFS)ȱstudiesȱhaveȱshownȱthatȱFe,ȱCrȱandȱ
Niȱexistȱinȱdifferentȱlocalȱenvironmentsȱinȱnitrogenȱexpandedȱausteniteȱ(Oddershedeȱetȱal.,ȱ
2008b,ȱ2010).ȱShortȱrangeȱorderingȱofȱCrȱandȱNȱoccurs.ȱTheȱmajorityȱofȱCrȱatomsȱhaveȱaȱfirstȱ
coordinationȱ shellȱwithȱ anȱ averageȱ bondȱ lengthȱ shorterȱ than,ȱ butȱ inȱ theȱ vicinityȱ of,ȱ theȱ
chemicalȱcompoundȱCrN.ȱTheȱcoordinationȱnumberȱofȱCrȱisȱmaximallyȱ5ȱ(asȱcomparedȱtoȱ6ȱ
forȱCrN),ȱwhileȱnoȱXȬrayȱdiffractionȱ (XRD)ȱ indicationsȱ ofȱCrNȱdevelopmentȱwereȱ foundȱ
(Oddershedeȱ etȱal.,ȱ 2010).ȱMartinavi²iusȱ etȱal.ȱ (2012)ȱ foundȱ aȱ coordinationȱ numberȱ ofȱ 5.7ȱ
and,ȱ usingȱ fieldȱ ionȱ microscopy,ȱ theyȱ observedȱ precipitatesȱ preferentiallyȱ atȱ grainȱ
boundariesȱascribedȱtoȱCrN,ȱwhichȱwereȱnotȱdetectableȱwithȱXRD.ȱTheȱauthorsȱsuggested,ȱ
forȱ theirȱ samplesȱ producedȱ byȱ plasmaȬassistedȱ nitriding,ȱ thatȱ theȱ expandedȱ austeniteȱ
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structureȱconsistsȱofȱnanometricȱCrNȱprecipitatesȱembeddedȱinȱaȱFe4NȬlikeȱmatrix.ȱWhetherȱ
theseȱobservationsȱcanȱbeȱtransferredȱtoȱexpandedȱausteniteȱsynthesizedȱbyȱotherȱmethods,ȱ
e.g.ȱgasȱnitriding,ȱ isȱstillȱunclear.ȱAlthoughȱ theȱ (conversionȱelectron)ȱMössbauerȱspectrumȱ
obtainedȱbyȱMartinavi²iusȱetȱal.ȱforȱironȱinȱexpandedȱausteniteȱisȱstatedȱtoȱbeȱsimilarȱtoȱthatȱ
ofȱ Fe4N,ȱ thereȱ areȱ significantȱ differences.ȱMostȱ notableȱ isȱ theȱ necessityȱ ofȱ includingȱ aȱ
hyperfineȱ fieldȱ distributionȱ comparedȱ toȱ theȱ usuallyȱwellȬdefinedȱ threeȱ Feȱ sitesȱ inȱ Fe4Nȱ
(Blancáȱetȱal.,ȱ2009).ȱ
Forȱnanosizedȱprecipitates,ȱpartiallyȱcoordinatedȱsurfaceȱatomsȱwillȱeffectivelyȱdecreaseȱ
theȱobservedȱaverageȱcoordinationȱnumber.ȱAdditionally,ȱsurfaceȱatomsȱareȱnotȱconstrainedȱ
toȱstayȱcloseȱtoȱtheirȱnominalȱlatticeȱpositions,ȱwhichȱmayȱresultȱinȱaȱcontractionȱofȱsurfaceȱ
atomsȱ towardsȱ theȱ coreȱ toȱminimizeȱ theȱ surfaceȱ energyȱ (Huangȱ etȱ al.,ȱ 2008).ȱ Thisȱ couldȱ
explainȱ theȱ shorterȱCrȬNȱbondȱ lengthȱ inȱ expandedȱ austeniteȱ asȱ comparedȱ toȱCrN.ȱTheseȱ
observationsȱmay,ȱhowever,ȱalsoȱbeȱ theȱresultȱofȱdisorderȱ inȱ theȱsystemȱsince,ȱ forȱEXAFS,ȱ
thisȱresultsȱinȱerrorsȱinȱbondȱlengths,ȱcoordinationȱnumbers,ȱandȱdisorderȱtermsȱ(Priceȱetȱal.,ȱ
2012).ȱInȱtheȱanalysisȱbyȱMartinavi²iusȱetȱal.,ȱtheȱcrystalȱstructureȱwasȱnotȱconstrainedȱtoȱtheȱ
cubicȱ symmetryȱ ofȱ CrN,ȱ resultingȱ inȱ varyingȱ lengthsȱ ofȱ theȱ scatteringȱ paths.ȱ Suchȱ
constraintsȱwereȱimplementedȱinȱtheȱprocedureȱbyȱOddershedeȱetȱal.,ȱyieldingȱhighȱdisorderȱ
terms.ȱWhetherȱ theȱ apparentȱdisorderȱ isȱ simplyȱ aȱ sizeȱ effectȱorȱ theȱ resultȱofȱ shortȱ rangeȱ
orderȱbetweenȱCrȱandȱNȱwhileȱstillȱconstrainedȱinȱtheȱsteelȱlatticeȱisȱnotȱclear.ȱTheȱresultsȱofȱ
Martinavi²iusȱ etȱ al.ȱ doesȱ notȱ allowȱ forȱ aȱ quantificationȱ ofȱ theȱ precipitates.ȱ Althoughȱ
precipitationȱdoesȱseemȱevident,ȱaȱlargeȱfractionȱofȱchromiumȱatomsȱmayȱveryȱwellȱexhibitȱ
aȱlocalȱenvironmentȱsimilarȱtoȱCrNȱwhileȱstillȱbeingȱconstrainedȱinȱtheȱlatticeȱofȱtheȱparentȱ
austeniticȱ steel.ȱ Inȱ aȱ recentȱ studyȱ basedȱ onȱ atomȱprobeȱ tomography,ȱMartinavi²iusȱ etȱal.ȱ
(2015)ȱ concludedȱ thatȱ nitrogenȱ expandedȱ austeniteȱ canȱ beȱ describedȱ asȱ aȱ mostlyȱ
homogeneousȱnitrogenȱsaturatedȱphaseȱwithȱpreferentialȱMNȱ(Mȱ=ȱCr,ȱFe)ȱprecipitationȱatȱ
defectsȱsuchȱasȱstackingȱfaultsȱand/orȱtwins;ȱtheȱmajorityȱofȱCrȱisȱbondedȱtoȱNȱeitherȱwithȱ
shortȱ rangeȱ orderȱ orȱ inȱ nanometerȬsizedȱ precipitates,ȱ andȱ someȱ regionsȱ doȱ notȱ containȱ
precipitates.ȱ
Inȱ assessingȱ theȱ crystallographyȱofȱ ·N,ȱ theȱmajorityȱ ofȱpublishedȱ investigationsȱhaveȱ
focusedȱonȱsamplesȱofȱanȱexpandedȱausteniteȱzoneȱgrownȱintoȱanȱausteniteȱsubstrateȱratherȱ
thanȱ onȱ homogeneousȱ samples,ȱ seeȱ e.g.ȱ Fewellȱ &ȱ Priestȱ (2008).ȱ Theȱ resultingȱ depthȱ
variationȱofȱtheȱcompositionȱhasȱseveralȱimplicationsȱforȱtheȱobservedȱXȬrayȱdiffractograms.ȱ
Theȱcompositionalȱ inhomogeneityȱwithinȱ theȱ investigatedȱdepthȱrangeȱcausesȱasymmetricȱ
broadening,ȱandȱtheȱinducedȱmacrostressȱgradientȱoverȱtheȱexpandedȱausteniteȱzoneȱcausesȱ
hklȬdependentȱ shiftsȱofȱ theȱdiffractionȱpeaksȱ (Öztürkȱ&ȱWilliamson,ȱ 1995;ȱXuȱ etȱal.,ȱ 2000;ȱ
Christiansenȱetȱal.,ȱ2010).ȱAsymmetricȱbroadeningȱisȱalsoȱanticipatedȱfromȱtextureȱgradientsȱ
(Rivièreȱetȱal.,ȱ2007).ȱ
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Evenȱforȱhomogeneousȱsamples,ȱwhereȱtheȱinfluencesȱofȱcompositionȬinducedȱstressesȱandȱ
asymmetricȱbroadeningȱareȱavoided,ȱdiffractionȱpeaksȱareȱstillȱbroadenedȱandȱshiftedȱfromȱ
theirȱ idealȱ positions.ȱ Itȱ hasȱ beenȱ reportedȱ thatȱ peakȬwidthȱ anisotropiesȱ observedȱ inȱ
diffractionȱ profilesȱ canȱ beȱ causedȱ byȱ screwȱ dislocationsȱ inȱ theȱ structure,ȱ andȱ thatȱ theȱ
dislocationȱdensityȱincreasesȱwithȱinterstitialȱnitrogenȱoccupancyȱ(Oddershedeȱetȱal.,ȱ2008a).ȱ
Currently,ȱ theȱ bestȱ structuralȱ descriptionȱ forȱ homogeneousȱ samplesȱ (Christiansenȱ&ȱ
Somers,ȱ2004)ȱisȱanȱf.c.c.ȱlatticeȱwithȱstackingȱfaultsȱcontributingȱtoȱsystematicȱdeviationsȱofȱ
XRDȱpeaksȱasȱdescribedȱbyȱWarrenȱ (1969).ȱFaultingȱofȱ theȱ f.c.c.ȱ latticeȱcausesȱbothȱanȱhklȬ
dependentȱ shiftȱofȱdiffractionȱpeaksȱandȱasymmetricȱbroadening.ȱ Itȱ shouldȱbeȱnotedȱ thatȱ
Warren’sȱtheoryȱhasȱbeenȱdemonstratedȱtoȱbeȱinsufficientlyȱaccurateȱ(Velteropȱetȱal.,ȱ2000),ȱ
butȱ theȱdeviationsȱareȱ relativelyȱ smallȱ forȱ theȱ strongestȱ f.c.c.ȱ reflectionsȱ111,ȱ200ȱandȱ220,ȱ
particularlyȱ forȱ modestȱ stackingȱ faultȱ probabilities.ȱ Theȱ structuralȱ descriptionȱ does,ȱ
however,ȱnotȱexplainȱallȱ featuresȱofȱdiffractogramsȱofȱexpandedȱaustenite.ȱThisȱ subjectȱ isȱ
exploredȱinȱmoreȱdetailȱinȱChapterȱ7.ȱ
ȱ
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Aȱwideȱarrayȱofȱexperimentalȱtechniquesȱexistsȱforȱdeterminingȱtheȱpropertiesȱofȱsolids.ȱTheȱ
purposeȱ ofȱ thisȱ chapterȱ isȱ toȱ introduceȱ theȱ basicȱ principlesȱ ofȱ theȱ primaryȱ utilizedȱ
experimentalȱmethodsȱinȱthisȱwork:ȱXȬrayȱandȱneutronȱdiffractionȱinȱcombinationȱwithȱtheȱ
soȬcalledȱ Rietveldȱ method,ȱ asȱ wellȱ asȱ Mössbauerȱ spectroscopyȱ andȱ vibratingȱ sampleȱ
magnetometry.ȱ Sinceȱ theseȱ areȱ allȱ wellȬestablishedȱ techniques,ȱ additionalȱ informationȱ
beyondȱthisȱintroductionȱmayȱbeȱfoundȱinȱvariousȱavailableȱhandbooksȱonȱtheȱsubjects,ȱe.g.ȱ
byȱGütlichȱetȱal.ȱ(2011)ȱandȱYoungȱ(1993).ȱ
3.1 XȬrayȱandȱneutronȱdiffractionȱ
XȬrayȱ diffractionȱ isȱ aȱ valuableȱ toolȱ inȱ identificationȱ andȱ characterizationȱ ofȱ crystallineȱ
materials.ȱDueȱ toȱ theȱ periodicȱ structureȱ ofȱ crystals,ȱ theseȱ functionȱ asȱ threeȬdimensionalȱ
diffractionȱ gratingsȱ forȱ electromagneticȱ radiationȱ inȱ aȱ suitableȱ rangeȱ ofȱ wavelengths.ȱ
Wavelengthsȱofȱ0.5ȱtoȱ2.5ȱÅȱareȱofȱparticularȱinterestȱsinceȱtheseȱcorrespondȱtoȱtypicalȱrepeatȱ
distancesȱandȱchemicalȱbondȱdistancesȱinȱcrystals.ȱTheȱconditionsȱforȱobservableȱdiffractedȱ
intensityȱ(constructiveȱinterference)ȱisȱgivenȱbyȱBragg’sȱlawȱ(Bragg,ȱ1913):ȱ
ȱ
nΏȱ=ȱ2dhklsinΌ (3.1)
ȱ
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whereȱnȱisȱanȱinteger,ȱΏȱtheȱwavelengthȱofȱtheȱradiation,ȱdhklȱisȱtheȱdistanceȱbetweenȱparallelȱ
crystalȱ latticeȱ planesȱ withȱ Millerȱ indicesȱ hkl,ȱ andȱ Όȱ isȱ theȱ angleȱ betweenȱ theȱ incidentȱ
radiationȱandȱtheȱplanes.ȱ
Diffractedȱintensityȱisȱthusȱonlyȱobservedȱatȱspecificȱanglesȱandȱrotationsȱofȱtheȱcrystal.ȱ
Forȱpolycrystallineȱmaterialsȱorȱpowdersȱ thereȱwillȱ alwaysȱbeȱmanyȱ crystalsȱ inȱ theȱ rightȱ
positionȱforȱdiffractionȱfromȱanyȱofȱtheȱlatticeȱplanes.ȱDiffractionȱdataȱfromȱpolycrystallineȱ
samplesȱ areȱ givenȱ asȱ diffractogramsȱ showingȱ intensityȱ versusȱ diffractionȱ angle,ȱ 2Ό.ȱ Atȱ
anglesȱ whereȱ theȱ Braggȱ conditionȱ isȱ fulfilled,ȱ peaksȱ orȱ soȬcalledȱ Braggȱ reflectionsȱ areȱ
observed.ȱPeakȱpositionsȱdependȱonȱtheȱdistanceȱbetweenȱlatticeȱplanesȱandȱtheȱsymmetryȱ
ofȱ theȱ crystalȱwhileȱ theȱ typesȱ ofȱ atomsȱpresentȱ onȱ theȱ crystalȱ latticeȱ affectȱ theȱ observedȱ
intensityȱofȱtheȱpeaks.ȱInȱadditionȱtoȱinformationȱonȱtheȱatomicȱstructure,ȱdiffractogramsȱofȱ
polycrystallineȱ specimensȱalsoȱ containȱ informationȱonȱotherȱpropertiesȱ likeȱparticleȱ sizes,ȱ
residualȱstressesȱandȱtexture,ȱasȱwellȱasȱquantitativeȱinformationȱonȱtheȱdifferentȱphasesȱinȱ
mixedȱsamples.ȱDiffractogramsȱmayȱalsoȱbeȱpresentedȱasȱintensityȱversusȱtheȱmagnitudeȱofȱ
theȱ scatteringȱvector,ȱ qȱ=ȱ4ΔsinΌ/Ώ,ȱwhichȱmakesȱ itȱeasierȱ toȱ compareȱdataȱobtainedȱwithȱ
differentȱwavelengths.ȱ
Inȱ XȬrayȱ diffractionȱ experiments,ȱ theȱ radiationȱ isȱ scatteredȱ byȱ theȱ electronȱ cloudȱ
surroundingȱ eachȱ atom,ȱ andȱ theȱ scatteringȱ factorȱ forȱ XȬraysȱ increasesȱ linearlyȱwithȱ theȱ
numberȱ ofȱ electronsȱ inȱ theȱ atom.ȱ Therefore,ȱ heavyȱ atomsȱ areȱ muchȱ moreȱ effectiveȱ atȱ
scatteringȱthanȱlightȱatoms,ȱbutȱdueȱtoȱtheȱsizeȱofȱtheȱelectronȱdistributionȱscatteringȱfromȱ
differentȱpartsȱofȱ theȱ cloudȱ isȱnotȱalwaysȱ inȱphase.ȱTheȱ resultingȱdestructiveȱ interferenceȱ
causesȱXȬrayȱscatteringȱfactorsȱtoȱdecreaseȱwithȱsinΌ/Ώ.ȱ
Neutrons,ȱonȱtheȱotherȱhand,ȱinteractȱdirectlyȱwithȱtheȱnucleiȱofȱatoms,ȱmakingȱneutronȱ
diffractionȱanȱexcellentȱcomplimentaryȱtechnique.ȱBecauseȱofȱtheȱsmallȱsizeȱofȱtheȱnucleus,ȱ
neutronȱscatteringȱfactorsȱdoȱnotȱdecreaseȱwithȱscatteringȱangleȱandȱareȱsimilarȱinȱvalueȱforȱ
mostȱatoms.ȱTheȱ contributionȱ toȱ theȱdiffractedȱ intensityȱ isȱdifferentȱ forȱeachȱ isotope,ȱandȱ
lightȱ atomsȱ mayȱ contributeȱ stronglyȱ evenȱ inȱ theȱ presenceȱ ofȱ heavyȱ atoms.ȱ Theȱ basicȱ
principlesȱ ofȱdiffractionȱ (e.g.ȱBragg’sȱ law)ȱ areȱ theȱ same,ȱ althoughȱneutronsȱ interactȱwithȱ
matterȱ differentlyȱ thanȱ XȬrays.ȱ Neutronsȱ areȱ neutralȱ particlesȱ butȱ possessȱ aȱ nonȬzeroȱ
magneticȱmoment,ȱwhichȱmakesȱitȱpossibleȱtoȱstudyȱmagneticȱasȱwellȱasȱatomicȱstructures.ȱȱ
DiffractogramsȱfromȱpolycrystallineȱsamplesȱareȱbasicallyȱoneȬdimensionalȱprojectionsȱ
ofȱ theȱ threeȬdimensionalȱ reciprocalȱ lattice1ȱofȱaȱ crystal.ȱ Inȱallȱbutȱ theȱ simplestȱ structures,ȱ
peakȱprofilesȱofȱtheȱreflectionsȱareȱnotȱallȱresolvedȱbutȱpartiallyȱoverlap,ȱincreasinglyȱsoȱatȱ
higherȱ diffractionȱ angle.ȱ Theȱ overlapȱ problemȱmayȱ beȱ overcomeȱ byȱ fittingȱ aȱ calculatedȱ
diffractionȱprofileȱbasedȱonȱsimultaneouslyȱrefinedȱmodelsȱforȱtheȱcrystalȱstructure(s)ȱtoȱtheȱ
ȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱ
1ȱTheȱ reciprocalȱ latticeȱ isȱ aȱmathematicalȱ constructionȱ relatedȱ toȱ theȱ threeȬdimensionalȱ (real)ȱ
crystalȱlatticeȱandȱisȱanȱessentialȱtoolȱinȱvisualizationȱandȱunderstandingȱdiffractionȱphenomena.ȱ
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entireȱ observedȱdiffractionȱpattern,ȱ theȱ soȬcalledȱRietveldȱmethod.ȱDuringȱ refinementȱ anȱ
improvedȱdescriptionȱofȱtheȱstructureȱisȱobtained,ȱwhichȱinȱturnȱimprovesȱtheȱallocationȱofȱ
observedȱ intensityȱ toȱ partiallyȱ overlappingȱ individualȱ Braggȱ reflections.ȱ Thisȱ inherentȱ
feedbackȱmechanismȱ isȱ absentȱ inȱ theȱ alternative,ȱpatternȱdecompositionȱmethods,ȱwhereȱ
initiallyȱallȱobservedȱintensityȱisȱassignedȱtoȱindividualȱBraggȱreflections.ȱTheȱderivedȱBraggȱ
intensitiesȱareȱsubsequentlyȱusedȱforȱstructureȱrefinementȱasȱaȱseparateȱprocedure.ȱ
3.1.1 TheȱRietveldȱmethodȱ
TheȱRietveldȱmethodȱ(Rietveld,ȱ1967,ȱ1969),ȱalsoȱreferredȱtoȱasȱRietveldȱanalysisȱorȱRietveldȱ
refinement,ȱ isȱanȱanalyticalȱ toolȱ forȱ fittingȱaȱstructuralȱmodelȱ toȱaȱdiffractogramȱbasedȱonȱ
simultaneousȱrefinementȱofȱstructuralȱparametersȱandȱbackground.ȱTheȱmethodȱ isȱaȱ leastȬ
squaresȱprocedureȱminimizingȱtheȱresidual,ȱSy:ȱ
ȱ
¦  
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whereȱyiȱisȱtheȱobservedȱintensityȱatȱtheȱithȱstep,ȱyciȱisȱtheȱcalculatedȱintensityȱatȱtheȱithȱstepȱ
andȱ wiȱ isȱ theȱ statisticalȱweight;ȱ typicallyȱ wiȱ =ȱ 1/yi.ȱAȱ diffractogramȱ ofȱ aȱ polycrystallineȱ
materialȱ mayȱ beȱ consideredȱ asȱ aȱ collectionȱ ofȱ individualȱ reflectionȱ profiles,ȱ eachȱ
characterizedȱbyȱaȱpeakȱheight,ȱaȱpeakȱposition,ȱaȱbreadthȱandȱ tailsȱ thatȱdecayȱgraduallyȱ
withȱ distanceȱ fromȱ theȱ peakȱ position.ȱ Theȱ integratedȱ areaȱ ofȱ theȱ reflectionȱ profileȱ isȱ
proportionalȱtoȱtheȱabsoluteȱvalueȱofȱtheȱstructureȱfactor,ȱ|FH|2,ȱwhichȱisȱcalculatedȱfromȱtheȱ
structuralȱmodel.ȱTheȱcalculatedȱintensities,ȱyci,ȱareȱdeterminedȱbyȱsummingȱtheȱcalculatedȱ
contributionsȱfromȱBraggȱreflectionsȱforȱeachȱphaseȱNȱplusȱtheȱbackground:ȱ
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whereȱHȱrepresentsȱtheȱMillerȱindices;ȱh,ȱk,ȱl,ȱofȱaȱBraggȱreflection,ȱLKȱcontainsȱtheȱLorentz,ȱ
polarizationȱ andȱ multiplicityȱ factors,ȱ Κȱ isȱ theȱ reflectionȱ profileȱ functionȱ correctedȱ forȱ
angularȱoffset,ȱ2ΌK.ȱPKȱandȱAȱ representȱcorrectionsȱ forȱpreferredȱorientationȱ (texture)ȱandȱ
absorption,ȱ respectively,ȱandȱybiȱ isȱ theȱbackgroundȱ intensityȱatȱ theȱ ithȱstep.ȱ Inȱmultiphaseȱ
samplesȱ theȱ scaleȱ factor,ȱ sN,ȱmayȱ beȱ usedȱ forȱ quantitativeȱ phaseȱ analysis.ȱ Theȱ Rietveldȱ
methodȱisȱnotȱaȱstructureȱsolutionȱmethodȱbutȱoffersȱaȱwayȱtoȱrefineȱcrystalȱstructures.ȱTheȱ
leastȬsquaresȱprocedureȱthusȱrequiresȱaȱreasonablyȱgoodȱstartingȱmodel.ȱ
Commonlyȱ reportedȱ residualsȱ areȱ theȱplainȱpatternȱ residual,ȱRp,ȱwhichȱ isȱ simplyȱ theȱ
normalizedȱresidualȱofȱtheȱrefinementȱandȱtheȱweightedȱpatternȱresidual,ȱRwp:ȱ
ȱ
22ȱ Chapterȱ3ȱExperimentalȱmethods
ȱ
¦
¦  
i
cii
p y
yy
R  (3.4)
 
 
2
1
2
2
»»¼
º
««¬
ª  ¦
¦
ii
ciii
wp
yw
yyw
R ȱ (3.5)
ȱ
Theȱ latterȱ isȱ theȱnormalizedȱresidualȱofȱ theȱquantityȱbeingȱminimizedȱ inȱ theȱ leastȬsquaresȱ
procedure,ȱSyȱ (equationȱ3.2).ȱNoteȱ that,ȱ ifȱaȱ (correctlyȱ fitted)ȱhighȱbackgroundȱ isȱpresent,ȱ
misleadinglyȱ lowȱRȬvaluesȱmayȱ beȱ obtainedȱ sinceȱ theȱ denominatorȱ sumsȱ overȱ observedȱ
intensities.ȱAnotherȱusefulȱnumericalȱcriterion,ȱalsoȱrelatedȱtoȱtheȱleastȬsquaresȱsum,ȱisȱtheȱ
goodnessȬofȬfit,ȱΛ2:
ȱ
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whereȱ nȱ isȱ theȱnumberȱ ofȱ observationsȱ andȱ pȱ theȱnumberȱ ofȱ refinedȱparameters.ȱValuesȱ
approachingȱunityȱareȱexpectedȱ forȱsatisfactoryȱ fits.ȱAȱcaveatȱ toȱ thisȱ isȱ thatȱȤ2ȱscalesȱwithȱ
observedȱ intensityȱsuchȱ thatȱ itȱ isȱactuallyȱ increasedȱ forȱhighȱqualityȱdata.ȱ Ifȱonlyȱ randomȱ
errorsȱarisingȱfromȱcountingȱstatisticsȱareȱpresentȱ(inȱmostȱcasesȱunlikelyȱtoȱbeȱachieved),ȱaȱ
valueȱbelowȱunityȱindicatesȱaȱmodelȱthatȱcontainsȱmoreȱparametersȱthanȱcanȱbeȱjustifiedȱbyȱ
theȱdataȱquality.ȱResidualȱvaluesȱaloneȱdoȱnotȱsufficeȱinȱorderȱtoȱidentifyȱpotentialȱproblemsȱ
inȱ theȱ refinement.ȱ Forȱ thisȱ purposeȱ aȱ differenceȱ plotȱ betweenȱ calculatedȱ andȱ observedȱ
intensitiesȱisȱessential.ȱ
3.2 Mössbauerȱspectroscopyȱ
RecoilȬfreeȱ resonantȱ absorptionȱ andȱ emissionȱ ofȱ ·Ȭrays,ȱ theȱ soȬcalledȱMössbauerȱ effectȱ
discoveredȱinȱ1958ȱ(Mössbauer,ȱ1958,ȱ1959),ȱcanȱbeȱusedȱtoȱobtainȱpreciseȱinformationȱaboutȱ
theȱchemical,ȱstructural,ȱmagneticȱandȱtimeȬdependentȱpropertiesȱofȱaȱmaterial.ȱMössbauerȱ
spectroscopyȱrequiresȱaȱsuitableȱ·Ȭrayȱsourceȱtoȱobserveȱresonantȱabsorptionȱinȱaȱsample.ȱAȱ
freeȱ nucleusȱ recoilsȱ duringȱ emissionȱ orȱ absorptionȱ ofȱ aȱ ·Ȭrayȱ dueȱ toȱ conservationȱ ofȱ
momentum.ȱNucleiȱinȱlowȬlyingȱexcitedȱstates,ȱwithȱaȱrelativelyȱslowȱdecayȱrate,ȱembeddedȱ
inȱ aȱ crystalȱ latticeȱ may,ȱ however,ȱ transmitȱ theȱ recoilȱ momentumȱ fromȱ absorptionȱ orȱ
emissionȱtoȱtheȱentireȱcrystal,ȱresultingȱinȱnoȱlossȱofȱrecoilȱenergy.ȱAȱwellȬdefinedȱfrequencyȱ
isȱthusȱobtained,ȱallowingȱmeasurementsȱofȱtheȱsmallȱperturbationsȱofȱtheȱnucleusȱcausedȱ
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ȱ
byȱ theȱ atomicȱ surroundings.ȱ Mössbauerȱ spectroscopyȱ canȱ beȱ performedȱ usingȱ
approximatelyȱ80ȱdifferentȱisotopesȱwithȱ57Feȱbeingȱtheȱmostȱcommonlyȱused.ȱ
Aȱsourceȱcontainingȱ 57Coȱdiffusedȱ intoȱaȱmetallicȱ foilȱprovidesȱexcitedȱ 57Feȱnucleiȱ thatȱ
decayȱtoȱtheȱgroundȱstateȱviaȱaȱ·Ȭrayȱcascade.ȱThisȱincludesȱaȱ14.4ȱkeVȱ·Ȭrayȱthatȱcanȱexciteȱ
aȱtransitionȱinȱtheȱsampleȱbeingȱstudiedȱifȱtheȱenergyȱmatchesȱtheȱenergyȱgapȱinȱtheȱsample;ȱ
i.e.ȱ itȱ isȱ absorbedȱ resonantly.ȱTheȱ emissionȱ lineȱ isȱDopplerȱ shiftedȱbyȱmovingȱ theȱ sourceȱ
withȱ aȱ givenȱ velocity,ȱ v,ȱ slightlyȱ adjustingȱ theȱ frequencyȱ ofȱ theȱ ·Ȭray.ȱ Byȱ scanningȱ theȱ
relevantȱvelocityȱrange,ȱitȱisȱpossibleȱtoȱprobeȱsplittingsȱinȱtheȱenergyȱlevelsȱofȱtheȱabsorberȱ
nucleus,ȱwhichȱmightȱ resultȱ fromȱmagneticȱorȱotherȱ interactions.ȱMössbauerȱ spectraȱ thusȱ
containȱtheȱtransmissionȱofȱ·ȬquantaȱasȱaȱfunctionȱofȱtheȱDopplerȱvelocityȱofȱtheȱsource.ȱTheȱ
extremelyȱ fineȱenergyȱ resolutionȱofȱMössbauerȱ spectroscopyȱallowsȱobservationȱofȱ subtleȱ
changesȱ inȱ theȱ nuclearȱ environmentȱ ofȱ theȱ relevantȱ atoms.ȱ Theȱ energyȱ levelsȱ canȱ beȱ
modifiedȱ byȱ theirȱ environmentȱ inȱ threeȱ mainȱ ways;ȱ byȱ theȱ isomerȱ shift,ȱ quadrupoleȱ
splittingȱandȱmagneticȱsplittingȱ(Figureȱ3.1).ȱ
ȱ
ȱ
Figureȱ3.1:ȱTheȱeffectsȱofȱisomerȱshift,ȱquadrupoleȱsplittingȱandȱmagneticȱsplittingȱonȱtheȱnuclearȱ
energyȱlevelsȱofȱ 57Fe.ȱArrowsȱshowȱtheȱabsorptionȱtransitionsȱandȱtheȱcorrespondingȱspectraȱareȱ
illustrated.ȱ
Theȱ isomerȱ shiftȱ arisesȱ dueȱ toȱ theȱ finiteȱ sizeȱ ofȱ theȱ nucleusȱ andȱ theȱ electronicȱ chargeȱ
distributionsȱ overȱ theȱ nuclearȱ volume.ȱ Slightȱ changesȱ inȱ Coulombȱ interactionsȱ dueȱ toȱ
differencesȱinȱtheȱsȬelectronȱenvironmentȱbetweenȱtheȱsourceȱandȱabsorberȱproduceȱaȱshiftȱ
inȱtheȱresonanceȱenergyȱofȱtheȱtransition.ȱThisȱsetsȱtheȱcentroidȱofȱtheȱspectrum.ȱShiftsȱareȱ
quotedȱ relativeȱ toȱ aȱ knownȱ absorber,ȱ forȱ exampleȱ ΅ȬFeȱ atȱ roomȱ temperatureȱ forȱ 57Feȱ
Mössbauerȱspectra.ȱ
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Nucleiȱ inȱ statesȱwithȱ anȱ angularȱmomentumȱ quantumȱ numberȱ Iȱ >ȱ 1/2ȱ canȱ haveȱ aȱ nonȬ
sphericalȱchargeȱdistributionȱthatȱproducesȱaȱnuclearȱquadrupoleȱmoment.ȱInȱcertainȱcrystalȱ
environmentsȱ theȱ nucleusȱmayȱ beȱ subjectedȱ toȱ anȱ electricȱ fieldȱ gradient.ȱTheȱ interactionȱ
betweenȱ theȱnuclearȱquadrupoleȱmomentȱandȱ theȱelectricȱ fieldȱgradientȱsplitsȱ theȱnuclearȱ
energyȱlevels.ȱForȱ57Fe,ȱtheȱexcitedȱstateȱ(Iȱ=ȱ3/2)ȱisȱsplitȱintoȱaȱdoublet,ȱproducingȱtwoȱlinesȱinȱ
theȱMössbauerȱspectrum.ȱ
Magneticȱ splittingȱ isȱ causedȱ byȱ theȱ interactionȱ betweenȱ theȱ nucleusȱ andȱ theȱ localȱ
magneticȱfield.ȱTheȱnuclearȱspinȱmomentȱexperiencesȱanȱinteractionȱwithȱtheȱmagneticȱfieldȱ
thatȱ canȱ splitȱ theȱ Iȱ =ȱ 1/2ȱgroundȱ stateȱ ofȱ 57Feȱ intoȱ aȱdoubletȱ andȱ theȱ excitedȱ Iȱ =ȱ 3/2ȱ intoȱ aȱ
quadrupletȱcorrespondingȱ toȱsixȱpossibleȱ linesȱ (aȱsextet)ȱ inȱ theȱMössbauerȱspectrum.ȱThisȱ
effectȱmakesȱitȱpossibleȱtoȱmeasureȱlocalȱmagneticȱfieldsȱthatȱdependȱonȱtheȱchemicalȱstateȱ
ofȱ theȱ probedȱ atom.ȱ Ifȱ hyperfineȱ interactionsȱ areȱ presentȱ anȱ additional,ȱ usuallyȱ smaller,ȱ
quadrupoleȱinteractionȱwillȱcauseȱaȱshiftȱinȱtheȱenergyȱlevelsȱandȱisȱcommonlyȱreferredȱtoȱasȱ
quadrupoleȱshift.ȱ
3.3 Vibratingȱsampleȱmagnetometryȱ
Aȱ vibratingȱ sampleȱmagnetometerȱ (VSM)ȱ isȱusedȱ toȱmeasureȱ theȱmagneticȱpropertiesȱ ofȱ
materials.ȱTheȱsampleȱisȱplacedȱinȱaȱuniformȱmagneticȱfield,ȱcreatedȱbetweenȱtheȱpolesȱofȱanȱ
electromagnet,ȱwhichȱ inducesȱaȱdipoleȱmomentȱbyȱaligningȱ theȱmagneticȱdomains,ȱorȱ theȱ
individualȱmagneticȱspinsȱinȱtheȱmaterialȱunderȱinvestigation.ȱTheȱsampleȱisȱvibratedȱwithȱ
sinusoidalȱ motionȱ perpendicularȱ toȱ theȱ magnetizingȱ field.ȱ Theȱ resultingȱ alternatingȱ
magneticȱfieldȱwillȱinduceȱaȱsinusoidalȱelectricalȱsignalȱinȱsuitablyȱplacedȱstationaryȱpickȬupȱ
coils.ȱTheȱ signalȱ isȱproportionalȱ toȱ theȱmagneticȱmomentȱofȱ theȱ sample,ȱasȱwellȱasȱ toȱ theȱ
amplitudeȱandȱfrequencyȱofȱtheȱvibration.ȱ
Measurementsȱ ofȱ theȱ magneticȱ momentȱ versusȱ temperatureȱ inȱ aȱ givenȱ externalȱ
magneticȱ fieldȱ mayȱ beȱ usedȱ forȱ theȱ determinationȱ ofȱ Curieȱ temperatures.ȱ Theȱ Curieȱ
temperatureȱ(TC)ȱofȱaȱferromagneticȱmaterialȱ isȱ theȱ temperatureȱwhereȱ itsȱuncompensatedȱ
spinsȱ inȱzeroȱ fieldȱundergoȱaȱ secondȱorderȱphaseȱ transitionȱ fromȱaȱ thermallyȱdisorderedȱ
(paramagnetic)ȱstateȱtoȱaȱmagneticallyȱorderedȱlowȱtemperatureȱstateȱ(Fabianȱetȱal.,ȱ2013).ȱ
TheȱmagneticȱtransitionȱisȱusuallyȱnotȱwellȬdefinedȱexperimentallyȱasȱaȱsingleȱpointȱbutȱ
coversȱ aȱ smallȱ temperatureȱ range.ȱ Sinceȱ thereȱ isȱ noȱ clearȱ generalȱ agreementȱ aboutȱ theȱ
accurateȱpositionȱofȱTCȱwithinȱthisȱtemperatureȱrange,ȱtheȱfollowingȱdefinitionȱofȱFabianȱetȱ
al.ȱ(2013)ȱisȱusedȱinȱtheȱpresentȱwork:ȱTheȱCurieȱpointȱinȱexternalȱfieldsȱcorrespondsȱtoȱtheȱ
inflectionȱpointȱofȱtheȱmagnetizationȱcurveȱversusȱtemperature,ȱi.e.ȱtheȱsecondȱderivativeȱisȱ
zero.ȱ
ȱ
ȱȱ
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Synthesisȱofȱpureȱandȱhomogeneousȱspecimensȱofȱ ironȱnitridesȱandȱcarbidesȱ isȱpracticallyȱ
limitedȱ byȱ diffusionȱ distancesȱ ofȱ nitrogenȱ andȱ carbonȱ andȱ byȱ theȱ metastabilityȱ ofȱ theȱ
compoundsȱ withȱ respectȱ toȱ decompositionȱ intoȱ iron,ȱ graphiteȱ andȱ nitrogenȱ gas.ȱ Anȱ
imposedȱequilibriumȱcanȱbeȱestablishedȱatȱtheȱveryȱsurfaceȱofȱaȱspecimenȱinȱcontactȱwithȱaȱ
nitridingȱorȱcarburizingȱmedium,ȱwhileȱelevatedȱtemperaturesȱwillȱpromoteȱdecompositionȱ
belowȱ theȱ surface.ȱ Aȱ thinȱ startingȱ materialȱ isȱ thusȱ requiredȱ forȱ theȱ preparationȱ ofȱ
homogeneousȱsamples.ȱTheȱratioȱofȱsurfaceȱareaȱtoȱbulkȱmaterialȱofȱaȱthinȱironȱfoilȱmayȱbeȱ
furtherȱimprovedȱbyȱexploitingȱtheȱmetastabilityȱofȱironȱnitrides.ȱ
Figureȱ4.1ȱ showsȱ theȱ thermogravimetricȱcurveȱ forȱ suchȱaȱpretreatmentȱofȱ25ȱΐmȱ ironȱ
foilȱ atȱ 873ȱ K.ȱ Theȱ initialȱ treatmentȱ inȱ gaseousȱ ammonia,ȱ NH3,ȱ causesȱ nitrogenȱ toȱ beȱ
absorbedȱ andȱ diffuseȱ throughȱ theȱ foil.ȱ Awayȱ fromȱ theȱ surface,ȱ nitrogenȱ gas,ȱ N2,ȱ isȱ
developed,ȱwhichȱcausesȱporeȱformationȱthroughoutȱtheȱmaterial.ȱTheȱfinalȱstep,ȱsoȬcalledȱ
denitridingȱinȱaȱhydrogenȱatmosphere,ȱcompletelyȱremovesȱtheȱremainingȱnitrogen,ȱleavingȱ
behindȱaȱporousȱironȱfoil.ȱTheȱresultingȱincreasedȱsurfaceȱareaȱincreasesȱtheȱreactionȱrateȱofȱ
subsequentȱ nitrocarburizing,ȱ andȱ sinceȱ theȱ requiredȱ diffusionȱ distancesȱ areȱ reduced,ȱ
homogeneousȱsamplesȱcanȱbeȱobtained.ȱ
ȱ
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Theȱ pretreatmentȱ wasȱ appliedȱ toȱ sixȱ samplesȱ ofȱ ironȱ foils,ȱ whichȱ wereȱ subsequentlyȱ
nitrocarburizedȱ inȱgasȱmixturesȱofȱammonia,ȱhydrogenȱandȱpropeneȱadjustedȱ toȱdifferentȱ
nitridingȱ andȱ carburizingȱ potentials,ȱ resultingȱ inȱ formationȱ ofȱ variousȱ ironȱ carbidesȱ andȱ
nitrides.ȱSamplesȱareȱdenotedȱS1ȱ–ȱS6ȱandȱrepresentȱaȱcompositionalȱseriesȱofȱprogressiveȱ
increaseȱinȱnitrogenȱcontentȱandȱdecreaseȱinȱcarbonȱcontent.ȱThermalȱexpansionȱandȱphaseȱ
transformationsȱwereȱstudiedȱwithȱinȱsituȱsynchrotronȱXȬrayȱdiffraction.ȱ
ȱ
Figureȱ4.1:ȱThermogravimetricȱcurveȱforȱgaseousȱpretreatmentȱofȱ25ȱΐmȱironȱfoilȱatȱ873ȱKȱinȱtwoȱ
steps;ȱ nitridingȱ inȱ ammoniaȱ (infiniteȱ nitridingȱ potential)ȱ andȱ denitridingȱ inȱ hydrogenȱ (zeroȱ
nitridingȱpotential).ȱTheȱ apparentȱdifferenceȱ inȱ initialȱ andȱ finalȱmassȱ isȱ theȱ resultȱofȱbuoyancyȱ
effectsȱdueȱtoȱchangingȱtemperatureȱandȱgasȱcomposition.ȱ
4.1 Experimentalȱ
Unalloyedȱ(Armco)ȱironȱfoilȱpiecesȱofȱ25ȱΐmȱthicknessȱwereȱusedȱforȱnitrocarburizingȱwithȱ
ammonia,ȱ nitrogenȱ andȱ hydrogenȱ gassesȱ ofȱ 99.999%ȱ andȱ propeneȱ ofȱ 99.5%ȱ purity.ȱ Bothȱ
pretreatmentȱ toȱ formȱ porousȱ ironȱ foilsȱ andȱ nitrocarburizingȱwereȱ performedȱ inȱ ceramicȱ
cruciblesȱ inȱaȱNetzschȱSTAȱ449ȱCȱ Jupiterȱ thermalȱanalyzer.ȱNitrocarburizingȱatȱ718ȱKȱwasȱ
continuedȱuntilȱaȱstationaryȱweightȱwasȱobtained.ȱTotalȱgasȱflowȱratesȱofȱ58ȱ–ȱ108ȱmL/minȱ
wereȱusedȱ includingȱ aȱ constantȱN2ȱ flowȱ ofȱ 5ȱmL/minȱ forȱprotectionȱ ofȱ electronicsȱ inȱ theȱ
measurementȱ compartment.ȱNitridingȱ (KN)ȱ andȱ carburizingȱ (KC)ȱ potentialsȱ accordingȱ toȱ
equationsȱ2.8ȱandȱ2.9,ȱtreatmentȱtimeȱandȱresultingȱphaseȱcompositionȱforȱtheȱsixȱsamplesȱ
areȱgivenȱinȱTableȱ4.1.ȱAfterȱcoolingȱtheȱporousȱsamplesȱwereȱgentlyȱgroundȱtoȱpowderȱinȱaȱ
mortar.ȱ
Resultingȱcarbonȱandȱnitrogenȱcontentȱforȱallȱsamplesȱwasȱdeterminedȱbyȱcombustionȱ
infraredȱ detectionȱ (carbonȱ content)ȱ onȱ aȱ LECOȱ CS230ȱ andȱ byȱ inertȱ gasȱ fusionȱ thermalȱ
conductivityȱdetectionȱ(nitrogenȱcontent)ȱonȱaȱLECOȱTN500.ȱSinceȱbothȱS4ȱandȱS6ȱcontainȱȗȱ
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ȱ
asȱaȱminorityȱphaseȱ(seeȱFigureȱ4.2),ȱtheȱcompositionȱofȱΉȱinȱtheseȱsamplesȱwasȱdeterminedȱ
assumingȱ stoichiometricȱ composition,ȱFe2(N,C)1,ȱ forȱ Ίȱwithȱ aȱ ratioȱ betweenȱnitrogenȱ andȱ
carbonȱatomsȱequalȱtoȱthatȱofȱtheȱtotalȱsampleȱcomposition.ȱ
ȱ
Tableȱ4.1:ȱNitridingȱ(KN)ȱandȱcarburizingȱ(KC)ȱpotentialsȱaccordingȱtoȱequationsȱ2.8ȱandȱ2.9,ȱrequiredȱtimeȱtoȱ
reachȱaȱstationaryȱweight,ȱcarbonȱandȱnitrogenȱcontentȱandȱresultingȱphaseȱcomposition.ȱ
Sampleȱ S1ȱ S2ȱ S3ȱ S4ȱ S5ȱ S6ȱ
KNȱ[atmȬ1/2]ȱ 0.2285ȱ 1.468ȱ 4.928ȱ 17.91ȱ 136.6ȱ ǈȱ
KCȱ[atmȬ2/3]ȱ 0.2096ȱ 0.6306ȱ 1.268ȱ 2.835ȱ 10.64ȱ ǈȱ
Timeȱ[hours]ȱ 100ȱ 94ȱ 62ȱ 29ȱ 8.3ȱ 7.7ȱ
Cȱ[mass%]ȱ 6.44ȱ 6.22ȱ 6.12ȱ 3.88ȱ 0.96ȱ 0.48ȱ
Nȱ[mass%]ȱ 0.09ȱ 1.22ȱ 2.26ȱ 5.97ȱ 9.25ȱ 10.3ȱ
Compositionȱ Ό,ȱΛ,ȱ΅ȱ Λ,ȱΌ,ȱ·’,ȱΉȱ Λ,ȱΉȱ Ή,ȱΊȱ Ήȱ Ή,ȱΊȱ
ȱ
XȬrayȱ diffractogramsȱwereȱ collectedȱ atȱ aȱwavelengthȱ ofȱ eitherȱ Ώȱ =ȱ 1.001952(5)ȱÅȱ orȱ Ώȱ =ȱ
0.994426(3)ȱ Åȱ inȱ transmissionȱ modeȱ withȱ aȱ Huberȱ G670ȱ Guinierȱ cameraȱ atȱ MAXȬlabȱ
beamlineȱ I711ȱ (Cereniusȱ etȱ al.,ȱ 2000).ȱ Inȱ orderȱ toȱ reduceȱ theȱ influenceȱ ofȱ fluorescence,ȱ
aluminiumȱfoilsȱwereȱpositionedȱbetweenȱtheȱsampleȱandȱtheȱdetector.ȱSamplesȱwereȱeitherȱ
mountedȱonȱtapeȱatȱroomȱtemperatureȱorȱinȱ0.7ȱmmȱinnerȱdiameterȱquartzȱcapillariesȱfilledȱ
withȱanȱ inertȱargonȱatmosphereȱ toȱavoidȱoxidationȱandȱheatedȱ inȱaȱHuberȱ670.3ȱ furnace.ȱ
Temperatureȱcalibrationȱandȱdeterminationȱofȱtheȱappliedȱwavelength,ȱasȱwellȱasȱcorrectionȱ
forȱdiffractionȱangleȱ(2Ό)ȱzeroȱshift,ȱwereȱperformedȱusingȱaȱSiȱstandard.ȱForȱbothȱS1ȱandȱS2,ȱ
31ȱdiffractogramsȱwereȱmeasuredȱinȱtheȱtemperatureȱrangeȱ413ȱ–ȱ1055ȱKȱandȱforȱS3ȱ–ȱS6,ȱ22ȱ
diffractogramsȱ inȱ theȱ rangeȱ 450ȱ –ȱ 1000ȱK.ȱDataȱwereȱ collectedȱ inȱ aȱ 2Όȱ rangeȱ ofȱ 4ȱ –ȱ 100°ȱ
(correspondingȱtoȱaȱqȱrangeȱfromȱ0.4ȱtoȱ9.7ȱÅȬ1)ȱwithȱaȱfixedȱstepȱsizeȱofȱ0.005°ȱinȱ2Όȱandȱanȱ
exposureȱ timeȱ ofȱ 240ȱ secondsȱ atȱ eachȱ temperatureȱ step.ȱAfterȱ exposure,ȱ theȱ temperatureȱ
wasȱ immediatelyȱrampedȱ toȱtheȱnextȱsetȱpointȱ(averageȱheatingȱrateȱofȱ3ȱK/min).ȱRietveldȱ
refinementsȱofȱ intensityȱversusȱ scatteringȱ angleȱ (2Ό)ȱwereȱ carriedȱoutȱusingȱ theȱprogramȱ
WINPOW,ȱaȱlocalȱvariationȱofȱLHMPȱ(Howardȱ&ȱHill,ȱ1986)ȱinȱorderȱtoȱfitȱlatticeȱparametersȱ
andȱmassȱfractionsȱofȱ theȱconstituentȱphases.ȱPseudoȬVoigtȱprofileȱ functionsȱwereȱappliedȱ
togetherȱwithȱChebyshevȱbackgroundȱpolynomials.ȱȱ
4.2 Resultsȱandȱdiscussionȱ
DiffractogramsȱforȱallȱsixȱsamplesȱareȱshownȱinȱFigureȱ4.2.ȱInȱallȱcases,ȱexceptȱforȱoneȱ(S5),ȱ
theȱsamplesȱconsistedȱofȱmoreȱthanȱaȱsingleȱphase.ȱRemainingȱferriteȱ(΅)ȱdueȱtoȱincompleteȱ
formationȱ ofȱ nitridesȱ orȱ carbidesȱwasȱ onlyȱ observedȱ forȱ S1,ȱwhichȱwasȱ subjectedȱ toȱ theȱ
lowestȱnitridingȱandȱcarburizingȱpotentialsȱandȱrequiredȱtheȱlongestȱtreatmentȱtimeȱtoȱreachȱ
aȱstationaryȱcarbon/nitrogenȱuptakeȱ (Tableȱ4.1).ȱ Inȱadditionȱ toȱ ferrite,ȱ theȱsampleȱcontainsȱ
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smallȱamountsȱofȱHäggȱcarbideȱ(Λ)ȱandȱtheȱmainȱconstituent,ȱcementiteȱ(Ό).ȱForȱincreasingȱ
potentialsȱ (S2),ȱ formationȱ ofȱ Häggȱ carbideȱ isȱ favoredȱ withȱ cementite,ȱ ·’ȬFe4Nȱ andȱ ΉȬ
carbonitrideȱ asȱminorȱphases.ȱ S3ȱ containsȱonlyȱHäggȱ carbideȱ andȱ ΉȬcarbonitride.ȱFurtherȱ
increaseȱofȱtheȱnitridingȱandȱcarburizingȱpotentialsȱ(S3ȱ–ȱS6)ȱleadsȱtoȱformationȱofȱΉȱandȱΊȱ
phasesȱandȱdrasticallyȱreducesȱtheȱrequiredȱtreatmentȱtime.ȱ
ȱ
ȱ
Figureȱ4.2:ȱXȬrayȱdiffractograms,ȱrefinedȱRietveldȱprofilesȱandȱdifferenceȱcurvesȱupȱtoȱqȱ=ȱ6.0ȱÅȬ1ȱ
forȱnitrocarburizedȱporousȱ ironȱ foil.ȱ Insetsȱ showȱpeaksȱofȱ twoȱdistinctȱphases,ȱ Ήȱ andȱ Ί.ȱProfileȱ
residualsȱ(Rp)ȱandȱgoodnessȬofȬfitȱvaluesȱ(Λ2)ȱareȱǂȱ2.52%ȱandȱ2.51,ȱrespectively.ȱ
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Comparingȱtheȱphaseȱcompositionsȱobtainedȱatȱ718ȱKȱtoȱtheȱisothermalȱsectionȱatȱ773ȱKȱofȱ
theȱternaryȱFeȬCȬNȱphaseȱdiagramȱ(Naumannȱ&ȱLangenscheid,ȱ1965b)1,ȱitȱisȱapparentȱthatȱ
samplesȱ S1ȱ andȱ S2ȱ eachȱ containȱ anȱ additionalȱ phaseȱ comparedȱ toȱ theȱ expectedȱ
compositions.ȱTheȱadditionalȱoccurrenceȱofȱHäggȱcarbideȱ inȱS1ȱandȱ·’Ȭ(carbo)nitrideȱ inȱS2ȱ
suggestsȱ thatȱ aȱ homogeneousȱ distributionȱ ofȱ nitrogenȱ andȱ carbonȱwasȱ notȱ obtained,ȱ i.e.ȱ
compositionalȱ variationsȱ existsȱ inȱ theseȱ samples.ȱ Theȱ expectedȱ phaseȱ compositionȱ isȱ
obtainedȱforȱsamplesȱS3ȱandȱS5ȱwhereasȱsamplesȱS4ȱandȱS6ȱcontainȱΊȬFe2(N,C),ȱwhichȱdoesȱ
notȱappearȱ inȱ theȱ isothermalȱ sectionȱatȱ773ȱKȱdueȱ toȱ theȱ limitedȱ thermalȱ stabilityȱofȱ thisȱ
phase.ȱ Dueȱ toȱ theȱ relativelyȱ lowȱ XȬrayȱ scatteringȱ powerȱ ofȱ nitrogenȱ andȱ carbon,ȱ noȱ
superstructureȱreflectionsȱyieldingȱdirectȱ informationȱonȱ theȱpossibleȱspaceȱgroupsȱforȱtheȱ
ΉȬphasesȱwereȱ observed.ȱ Consequently,ȱ Rietveldȱ refinementsȱwereȱ carriedȱ outȱ inȱ spaceȱ
groupȱP3–1mȱasȱreportedȱforȱΉȬFe2(N0.8C0.20)0.92ȱ(Leineweberȱetȱal.,ȱ2001).ȱ
Inȱ theȱ synthesisȱ ofȱ ironȱ carbidesȱ andȱnitrides,ȱ aȱ combinationȱ ofȱ lowȱ carburizingȱ andȱ
nitridingȱ potentialsȱ requiresȱ relativelyȱ longȱ treatmentȱ timesȱ andȱ primarilyȱ leadsȱ toȱ
formationȱofȱironȱcarbides.ȱFormationȱofȱ(carbo)nitridesȱisȱfavoredȱforȱincreasingȱpotentials,ȱ
whichȱalsoȱincreaseȱtheȱreactionȱrateȱandȱthusȱreduceȱrequiredȱtreatmentȱtime.ȱ
4.2.1 InȱsituȱXȬrayȱdiffractionȱ
Phaseȱ transformationȱ mapsȱ asȱ aȱ functionȱ ofȱ temperatureȱ areȱ givenȱ inȱ Figureȱ 4.3.ȱ Theȱ
compositionȱ ofȱ sampleȱ S1ȱ isȱ constantȱ upȱ toȱ approximatelyȱ 850ȱ Kȱ whereȱ initialȱ
decompositionȱofȱHäggȱcarbideȱ(Λ)ȱtoȱcementiteȱ(Ό)ȱisȱobserved.ȱAboveȱ950ȱK,ȱferriteȱ(΅)ȱisȱ
formedȱandȱausteniteȱ(·)ȱaboveȱ1025ȱK.ȱNoteȱthat,ȱfromȱaȱmassȱbalanceȱperspective,ȱcarbonȱ
isȱmissingȱ asȱ lessȱCȬrichȱ phasesȱ areȱ formed.ȱThisȱ isȱ likelyȱdueȱ toȱ formationȱ ofȱ graphite,ȱ
whichȱwasȱnotȱdetectableȱdueȱ toȱ theȱhighȱbackgroundȱ fromȱ theȱdiffuseȱ scatteringȱofȱ theȱ
capillary.ȱ Similarȱ considerationsȱ applyȱ toȱ allȱ samples.ȱ Forȱ decompositionȱ ofȱ nitrides,ȱ
nitrogenȱisȱreleasedȱasȱgaseousȱN2.ȱ
ForȱS2,ȱtheȱinitialȱprimaryȱconstituent,ȱHäggȱcarbide,ȱisȱtransformedȱtoȱcementiteȱaboveȱ
850ȱ K,ȱ similarlyȱ toȱ S1.ȱ Thermalȱ decompositionȱ ofȱ ·’ȱ andȱ ΉȬphasesȱ occurȱ aboveȱ 900ȱ Kȱ
followedȱ byȱ formationȱ ofȱ ferriteȱ andȱ austenite.ȱ Bothȱ Häggȱ carbideȱ andȱ ΉȬcarbonitrideȱ
decomposeȱ toȱcementiteȱaboveȱ850ȱK,ȱfollowedȱbyȱformationȱofȱferriteȱforȱS3.ȱAusteniteȱ isȱ
notȱ formedȱ dueȱ toȱ theȱ lowerȱ finalȱ temperatureȱ (1000ȱK)ȱ comparedȱ toȱ S1ȱ andȱ S2ȱwhereȱ
austeniteȱwasȱobservedȱonlyȱaboveȱ1025ȱK.ȱSimilarly,ȱsamplesȱS4ȱ–ȱS6ȱareȱcomposedȱeitherȱ
entirelyȱofȱferriteȱorȱinȱcombinationȱwithȱcementiteȱatȱtheȱfinalȱtemperatureȱofȱ1000ȱK.ȱ
ForȱS4ȱ–ȱS6,ȱ thermalȱdecompositionȱofȱtheȱΊȬphase,ȱ ifȱpresent,ȱ isȱobservedȱfromȱ680ȱ toȱ
770ȱKȱwhileȱtransformationȱofȱtheȱΉȬcarbonitridesȱoccursȱbetweenȱ795ȱandȱ900ȱK.ȱBecauseȱofȱ
theȱ lowȱ carbonȱ contentȱ ofȱ S5ȱ andȱ S6ȱ (Tableȱ 4.1)ȱ noȱ cementiteȱ isȱ formed.ȱ ȱ Theȱ nitrogenȱ
ȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱ
1ȱNoȱisothermalȱsectionȱatȱ718ȱKȱisȱcurrentlyȱavailable.ȱ
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contentȱ isȱgraduallyȱreducedȱasȱN2ȱ isȱ released,ȱcausingȱ formationȱofȱ·’ȬFe4N,ȱ followedȱbyȱ
ferrite.ȱForȱS4ȱandȱS6,ȱausteniteȱisȱbrieflyȱformedȱaroundȱ900ȱKȱinȱagreementȱwithȱtheȱironȬ
nitrogenȱ phaseȱ diagramȱ (Figureȱ 2.1b),ȱ whichȱ showsȱ thatȱ austeniteȱ isȱ stabilizedȱ byȱ theȱ
presenceȱofȱnitrogenȱaboveȱ865ȱK.ȱForȱtheȱcarbonȬrichȱsamplesȱ(S1ȱandȱS2),ȱausteniteȱisȱonlyȱ
observedȱaboveȱ1025ȱK,ȱinȱaccordanceȱwithȱtheȱironȬcarbonȱphaseȱdiagramȱinȱFigureȱ2.1(a).ȱ
Noteȱ thatȱ Häggȱ carbideȱ doesȱ notȱ appearȱ inȱ thisȱ phaseȱ diagramȱ butȱ isȱ actuallyȱ
thermodynamicallyȱfavoredȱoverȱcementiteȱbelowȱaboutȱ620ȱKȱ(Schneiderȱ&ȱInden,ȱ2001).ȱ
ȱ
ȱ
Figureȱ4.3:ȱPhaseȱtransformationȱmapsȱforȱsamplesȱS1ȬS6.ȱNoteȱtheȱhigherȱtemperatureȱrangeȱforȱ
S1ȱandȱS2.ȱEstimatedȱstandardȱdeviationsȱfromȱrefinementsȱareȱǂȱ1.1ȱmass%.ȱ
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4.2.2 Thermalȱexpansionȱ
Theȱcommonlyȱusedȱmeanȱ (linear)ȱcoefficientȱofȱ thermalȱexpansion,ȱ΅exp,ȱwasȱ fittedȱ toȱ theȱ
expression:ȱ
ȱ
a(T)ȱ=ȱaTr[1ȱ+ȱ΅exp(TȬTr)] (4.1)
ȱ
whereȱaȱ isȱtheȱ latticeȱparameterȱofȱ theȱunitȱcellȱandȱaTrȱ isȱtheȱ latticeȱparameterȱatȱaȱchosenȱ
referenceȱ temperature,ȱTr.ȱTheȱvolumetricȱ coefficientȱofȱ thermalȱ expansionȱwasȱ foundȱbyȱ
replacingȱtheȱlatticeȱparameterȱwithȱtheȱvolumeȱofȱtheȱunitȱcell,ȱV,ȱinȱtheȱaboveȱexpression.ȱ
Aȱbetterȱdescriptionȱofȱ theȱunitȱcellȱvolumeȱofȱcementiteȱandȱHäggȱcarbideȱwasȱobtainedȱ
usingȱaȱtemperatureȬdependentȱexpressionȱ(Fei,ȱ1995):ȱ
ȱ
V(T)ȱ=ȱVTrȱexp »¼
º«¬
ª³ dTT΅TTr )(exp  (4.2)
ȱ
withȱtheȱexpansionȱcoefficientȱexpressedȱasȱ΅exp(T)ȱ=ȱa0ȱ+ȱa1T.ȱRefinedȱunitȱcellȱvolumesȱandȱ
fittedȱexpressionsȱ forȱ thermalȱexpansionȱ forȱcementiteȱandȱHäggȱcarbideȱareȱpresentedȱ inȱ
Figureȱ4.4.ȱ
ȱ
Figureȱ 4.4:ȱUnitȱ cellȱ volumeȱ versusȱ temperatureȱ forȱ cementiteȱ (left)ȱ andȱHäggȱ carbideȱ (right).ȱ
Estimatedȱ standardȱdeviationsȱ areȱ ǂȱ 0.1ȱÅ3.ȱLinesȱ correspondȱ toȱ fittedȱ expressionsȱ forȱ thermalȱ
expansionȱ(equationsȱ4.1ȱandȱ4.2).ȱ
Forȱ cementiteȱ upȱ toȱ 470ȱK,ȱ aȱ volumetricȱ expansionȱ coefficientȱ ofȱ ΅expȱ =ȱ 1.5ȱ ×ȱ 10Ȭ5ȱKȬ1ȱ isȱ
obtainedȱfromȱequationȱ4.1.ȱAboveȱthisȱtemperature,ȱtheȱexpansionȱcoefficientȱchangesȱdueȱ
toȱ theȱ transitionȱ fromȱ aȱ ferromagneticȱ toȱ aȱ paramagneticȱ state.ȱ Fromȱ equationȱ 4.2ȱ theȱ
followingȱvaluesȱwereȱobtainedȱinȱtheȱtemperatureȱrangeȱ497ȱ–ȱ1055ȱK;ȱa0ȱ=ȱ2.7ȱ(1)ȱ×ȱ10Ȭ5ȱKȬ1ȱ
andȱ a1ȱ =ȱ 2.0ȱ (2)ȱ ×ȱ 10Ȭ8ȱKȬ2.ȱ Thisȱ yieldsȱ anȱ averageȱ ofȱ ΅expȱ =ȱ 4.3ȱ (2)ȱ ×ȱ 10Ȭ5ȱKȬ1ȱ inȱ excellentȱ
agreementȱ withȱ theȱ valueȱ ΅expȱ =ȱ 4.1ȱ (1)ȱ ×ȱ 10Ȭ5ȱ KȬ1ȱ obtainedȱ byȱWoodȱ etȱ al.ȱ (2004).ȱ Theȱ
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expansionȱcoefficientȱisȱslightlyȱlowerȱthanȱthatȱofȱb.c.c.ȱiron,ȱ΅expȱ=ȱȱ4.4ȱ×ȱ10Ȭ5ȱKȬ1ȱforȱaȱsimilarȱ
temperatureȱrangeȱ(Basinskiȱetȱal.,ȱ1955).ȱ
Noȱ publishedȱ dataȱ forȱ theȱ thermalȱ expansionȱ ofȱ Häggȱ carbideȱ isȱ available.ȱ Fromȱ
equationȱ4.2ȱ theȱvaluesȱa0ȱ=ȱ3.1ȱ (1)ȱ×ȱ10Ȭ5ȱKȬ1ȱandȱa1ȱ=ȱ9.9ȱ (2)ȱ×ȱ10Ȭ9ȱKȬ2ȱareȱobtained.ȱ Inȱ theȱ
temperatureȱ rangeȱ 413ȱ –ȱ 908ȱ K,ȱ thisȱ correspondsȱ toȱ anȱ averageȱ volumetricȱ expansionȱ
coefficientȱofȱ΅expȱ=ȱ3.8ȱ(2)ȱ×ȱ10Ȭ5ȱKȬ1,ȱwhichȱisȱslightlyȱlowerȱthanȱforȱcementite.ȱNoȱmagneticȱ
transitionȱaffectingȱtheȱunitȱcellȱvolumeȱwasȱobservedȱforȱHäggȱcarbide.ȱ
ȱ
Figureȱ4.5:ȱLatticeȱparametersȱaȱ(left)ȱandȱcȱ(right)ȱversusȱtemperatureȱforȱΉȬFe2(N,C)1Ȭz.ȱEstimatedȱ
standardȱdeviationsȱ areȱ ǂȱ 10Ȭ3ȱÅ.ȱLinesȱ correspondȱ toȱ fittedȱ expressionsȱ forȱ thermalȱ expansionȱ
(equationȱ4.1).ȱ
LatticeȱparametersȱversusȱtemperatureȱforȱΉȬcarbonitrideȱphasesȱareȱpresentedȱinȱFigureȱ4.5.ȱ
Thermalȱ expansionȱ isȱ approximatelyȱ linearȱ andȱ canȱbeȱ fittedȱ toȱ equationȱ 4.1ȱuntilȱ latticeȱ
parametersȱ decreaseȱ dueȱ toȱ removalȱ ofȱ nitrogenȱ andȱ carbonȱ fromȱ theȱ structure.ȱ Forȱ theȱ
samplesȱwithȱinitialȱhighȱinterstitialȱcontent,ȱtheȱdrivingȱforceȱforȱN2ȱandȱgraphiteȱformationȱ
isȱ largest.ȱ Theȱ decreaseȱ inȱ latticeȱ parameterȱ thereforeȱ occursȱ atȱ aȱ lowerȱ temperatureȱ
comparedȱ toȱ samplesȱ withȱ lowerȱ interstitialȱ content.ȱ Latticeȱ parametersȱ atȱ roomȱ
temperature,ȱcompositionȱandȱthermalȱexpansionȱcoefficientsȱareȱgivenȱinȱTableȱ4.2.ȱ
ȱ
Tableȱ 4.2:ȱLatticeȱparametersȱ (aȱ andȱ c)ȱ atȱ roomȱ temperatureȱ andȱ expansionȱ coefficientsȱ fittedȱ toȱ
equationȱ(4.1)ȱinȱtermsȱofȱtheȱlatticeȱparametersȱandȱunitȱcellȱvolumeȱ(V)ȱforȱΉȬironȱcarbonitrides.ȱ
Sampleȱ S3ȱ
Fe2(N0.611C0.389)0.85ȱ
S4ȱ
Fe2(N0.569C0.431)0.92ȱ
S5ȱ
Fe2(N0.892C0.108)0.92ȱ
S6ȱ
Fe2(N0.948C0.052)0.96ȱ
a(RT)ȱ[Å]ȱ 4.7655(2)ȱ 4.77513(4)ȱ 4.77729(5)ȱ 4.78556(5)ȱ
c(RT)ȱ[Å]ȱ 4.3865(2)ȱ 4.38934(4)ȱ 4.40799(3)ȱ 4.41398(3)ȱ
ȱ΅exp(a)ȱ[×10Ȭ5ȱKȬ1]ȱ 1.11ȱȱȱ(2)ȱ 1.37ȱȱ(3)ȱ 1.97ȱȱ(5)ȱ 2.25ȱȱ(6)ȱ
ȱ΅exp(c)ȱ[×10Ȭ5ȱKȬ1]ȱ 1.46ȱȱ(1)ȱ 1.30ȱȱ(1)ȱ 1.26ȱȱ(2)ȱ 1.31ȱȱ(3)ȱ
ȱ΅exp(V)ȱ[×10Ȭ5ȱKȬ1]ȱ 3.67ȱȱ(4)ȱ 4.04ȱȱ(6)ȱ 5.28(13)ȱ 5.85(15)ȱ
ȱ
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IncreasingȱtotalȱinterstitialȱcontentȱincreasesȱbothȱaȱandȱcȱparametersȱofȱtheȱΉȬcarbonitridesȱ
atȱambientȱ temperatures,ȱbutȱvaluesȱdeviateȱ fromȱ theȱpublishedȱrelationȱ forȱpureȱnitridesȱ
(Somersȱetȱal.,ȱ1997).ȱBothȱvolumetricȱthermalȱexpansionȱandȱexpansionȱcoefficientȱinȱtheȱaȬ
direction,ȱparallelȱtoȱ(001),ȱisȱalsoȱincreased.ȱThermalȱexpansionȱdecreasesȱinȱtheȱcȬdirection,ȱ
perpendicularȱ toȱ (001),ȱexceptȱ forȱS6ȱ containingȱFe2(N0.948C0.052)0.96,ȱwhichȱdeviatesȱ fromȱ thisȱ
trend.ȱTheȱanisotropicȱ latticeȱexpansionȱforȱincreasingȱinterstitialȱcontents,ȱandȱatȱelevatedȱ
temperaturesȱforȱfixedȱcontents,ȱmayȱbeȱexplainedȱfromȱedgeȬsharingȱcontactsȱofȱoctahedralȱ
positionsȱ inȱ theȱhexagonalȱ ironȱ latticeȱ (Jack,ȱ 1952;ȱLeineweberȱ etȱal.,ȱ 2004).ȱ Simultaneousȱ
occupationȱofȱsuchȱpositionsȱcausesȱrepulsiveȱinteractions.ȱTheȱedgeȬsharingȱcontactsȱoccurȱ
exclusivelyȱ parallelȱ toȱ (001)ȱ andȱ canȱ beȱ accommodatedȱ byȱ preferentialȱ expansionȱ ofȱ theȱ
structureȱinȱthatȱdirection.ȱ
TheȱobservedȱdeviationȱinȱtheȱtrendȱofȱthermalȱexpansionȱinȱtheȱcȬdirectionȱmayȱbeȱdueȱ
toȱdifferentȱ carbonȱ contentsȱ ofȱ theȱ samplesȱ andȱmagneticȱ propertiesȱmayȱ alsoȱ affectȱ theȱ
structure.ȱ Theȱ effectsȱ ofȱ partialȱ substitutionȱ ofȱ nitrogenȱ byȱ carbonȱ inȱ ΉȬironȱ nitrideȱ onȱ
interstitialȱ orderingȱ andȱ magneticȱ properties,ȱ asȱ wellȱ asȱ theȱ deviationȱ fromȱ publishedȱ
relationsȱbetweenȱnitrogenȱcontentȱandȱlatticeȱparameters,ȱisȱexploredȱinȱmoreȱdetailȱinȱtheȱ
followingȱchapter.ȱ
4.3 Conclusionsȱ
Samplesȱ ofȱ ironȱ carbidesȱ andȱ (carbo)nitridesȱwereȱ successfullyȱ synthesizedȱ byȱ gaseousȱ
nitrocarburizing.ȱ Inȱmostȱ cases,ȱ samplesȱ consistedȱ ofȱmultipleȱphases.ȱ Pureȱ singleȬphaseȱ
specimensȱshouldȱbeȱattainableȱbyȱappropriateȱadjustmentsȱofȱtheȱnitridingȱandȱcarburizingȱ
potentialsȱandȱoptimizationȱofȱtheȱprocess,ȱbothȱinȱtermsȱofȱtreatmentȱtimeȱandȱtemperatureȱ
butȱalsoȱ theȱpretreatmentȱforȱpreparingȱporousȱ ironȱfoils.ȱTheȱpretreatmentȱcanȱbeȱcarriedȱ
outȱ inȱ theȱ sameȱ furnaceȱasȱnitrocarburizing.ȱ Ifȱoptimized,ȱ theȱprocessȱallowsȱ synthesisȱofȱ
homogeneousȱsamplesȱofȱtailoredȱnitrogenȱandȱcarbonȱcontent.ȱ
Theȱ processȱ allowsȱ constructionȱ ofȱ aȱ phaseȱ stabilityȱ diagramȱ forȱ theȱ FeȬNȬCȱ systemȱ
similarȱ toȱ theȱ Lehrerȱ diagramȱ forȱ FeȬNȱ system.ȱ Previousȱ attemptsȱ basedȱ onȱ gaseousȱ
nitrocarburizingȱinȱNH3–H2–COȱatmospheresȱfailedȱtoȱprovideȱwaterȱvaporȱcontentsȱofȱtheȱȱ
gasȱmixturesȱ (Naumannȱ&ȱLangenscheid,ȱ1965a;ȱb).ȱThisȱ impliesȱ thatȱactivitiesȱofȱ carbonȱ
wereȱnotȱdetermined.ȱ Sinceȱnoȱoxygenȱ isȱpresentȱ inȱ theȱ currentȱprocess,ȱdueȱ toȱpropeneȱ
beingȱ usedȱ asȱ carbonȱ source,ȱ calculationsȱ ofȱ nitrogenȱ andȱ carbonȱ activitiesȱ areȱ
straightforwardȱ(equationsȱ2.8ȱandȱ2.9).ȱ
Aȱvolumetricȱ thermalȱ expansionȱ coefficientȱofȱ΅expȱ =ȱ 1.5ȱ ×ȱ 10Ȭ5ȱKȬ1ȱ isȱobtainedȱ forȱ theȱ
ferromagneticȱ stateȱ ofȱ cementiteȱ belowȱ approximatelyȱ 480ȱ K.ȱ Aboveȱ thisȱ temperatureȱ
(paramagnetic)ȱtheȱaverageȱvalueȱisȱ΅expȱ=ȱ4.3ȱ(2)ȱ×ȱ10Ȭ5ȱKȬ1ȱandȱforȱHäggȱcarbideȱtheȱaverageȱ
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valueȱ isȱ ΅expȱ =ȱ 3.8ȱ (2)ȱ ×ȱ 10Ȭ5ȱ KȬ1.ȱ Initialȱ latticeȱ parametersȱ asȱwellȱ asȱ thermalȱ expansionȱ
coefficientsȱforȱΉȬironȱcarbonitridesȱdependȱonȱtheȱinterstitialȱcontent.ȱ
Thermalȱ decompositionȱ ofȱ Häggȱ carbideȱ (Λ)ȱ andȱ ΉȬcarbonitrideȱ withȱ highȱ carbonȱ
contentȱcanȱbyȱexpressedȱbyȱtheȱfollowingȱsequence:ȱΛ/ΉȱĺȱΌȱĺȱ΅ȱĺȱ·.ȱDecompositionȱtoȱ
cementiteȱ(Ό)ȱoccursȱaboveȱ850ȱK.ȱAboveȱ950ȱK,ȱferriteȱ(΅)ȱisȱformedȱandȱausteniteȱ(·)ȱaboveȱ
1025ȱK.ȱTheȱsequentialȱreductionȱinȱcarbonȱcontentȱisȱpresumablyȱaccompaniedȱbyȱgraphiteȱ
formationȱalthoughȱthisȱphaseȱwasȱnotȱdirectlyȱobserved.ȱExcessȱnitrogenȱisȱreleasedȱasȱN2.ȱ
Forȱhighȱnitrogenȱcontentsȱtheȱdecompositionȱsequenceȱis:ȱ(Ί)ȱĺȱΉȱĺȱ·’ȱĺȱ(·)ȱĺȱ΅.ȱIfȱ
initiallyȱpresent,ȱΊȱisȱtransformedȱtoȱΉȱfromȱ680ȱtoȱ770ȱK,ȱwhichȱdecomposesȱtoȱ·’ȱbetweenȱ
795ȱandȱ900ȱKȱasȱnitrogenȱisȱreleasedȱasȱN2.ȱWithȱfurtherȱreductionȱofȱtheȱnitrogenȱcontent,ȱ
ferriteȱformsȱaboveȱ850ȱK.ȱAustenite,ȱstabilizedȱbyȱtheȱpresenceȱofȱnitrogen,ȱmayȱbeȱbrieflyȱ
formedȱ aroundȱ 900ȱ K.ȱHadȱ experimentsȱ beenȱ continuedȱ toȱ higherȱ temperatures,ȱ aboveȱ
approximatelyȱ1025ȱK,ȱtheȱfinalȱdecompositionȱproductȱwouldȱhaveȱbeenȱausteniteȱsimilarȱ
toȱtheȱcarbonȬrichȱsamples.ȱ
Forȱ theȱ ΉȬnitride,ȱ theȱ currentȱ resultsȱ showȱ thatȱ theȱ structureȱ isȱnoticeablyȱaffectedȱbyȱ
partialȱsubstitutionȱofȱnitrogenȱbyȱcarbon,ȱatȱleastȱinȱtermsȱofȱlatticeȱparameters.ȱThisȱcouldȱ
beȱaȱ resultȱofȱaȱ changeȱ inȱ interstitialȱordering.ȱ Inȱaddition,ȱpossibleȱ changesȱ inȱmagneticȱ
propertiesȱ shouldȱ alsoȱ beȱ considered.ȱ Structuralȱ andȱ magneticȱ propertiesȱ ofȱ theȱ ΉȬ
carbonitridesȱareȱtheȱsubjectsȱofȱtheȱfollowingȱchapter.ȱ
ȱ
ȱ
ȱ
ȱ
ȱȱ
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Detailedȱ informationȱ aboutȱ theȱ interstitialȱ orderingȱ inȱ ΉȬironȱ carbonitridesȱ isȱ difficultȱ toȱ
obtainȱ withȱ XȬrayȱ diffractionȱ dueȱ toȱ theȱ lowȱ scatteringȱ powerȱ ofȱ nitrogenȱ andȱ carbonȱ
comparedȱtoȱiron.ȱLightȱatomsȱmay,ȱhowever,ȱcontributeȱstronglyȱtoȱtheȱdiffractedȱintensityȱ
ofȱ neutrons,ȱ evenȱ inȱ theȱ presenceȱ ofȱ heavyȱ atoms.ȱ Theȱ comparableȱ nuclearȱ scatteringȱ
lengthsȱofȱiron,ȱnitrogenȱandȱcarbonȱ(Sears,ȱ1992)ȱenableȱaȱmoreȱaccurateȱdeterminationȱofȱ
interstitialȱ occupancies.ȱ Theȱ occupationalȱ orderȱ ofȱ interstitialsȱ hasȱ previouslyȱ beenȱ
determinedȱwithȱneutronȱdiffractionȱ forȱseveralȱnitrogenȱcontentsȱ inȱΉȬFe2N1Ȭzȱandȱ forȱoneȱ
carbonitrideȱofȱ compositionȱ ΉȬFe2(N0.80C0.20)0.92ȱ (Leineweberȱ etȱal.,ȱ 2001).ȱTheȱoccurrenceȱofȱ
superstructureȱ reflections,ȱ orȱ lackȱ thereof,ȱ wasȱ interpretedȱ onȱ theȱ basisȱ ofȱ thoroughȱ
theoreticalȱ analysisȱ ofȱ possibleȱ interstitialȱ configurationsȱ (Leineweberȱ &ȱ Jacobs,ȱ 2000).ȱ
Complimentaryȱ informationȱonȱ theȱstructuralȱvariationȱaroundȱ ironȱsitesȱcanȱbeȱobtainedȱ
withȱMössbauerȱspectroscopyȱ(Chenȱetȱal.,ȱ1983;ȱSomersȱetȱal.,ȱ1997).ȱ
NoȱextendedȱconclusionsȱaboutȱtheȱstructureȱofȱtheȱΉȬcarbonitridesȱcanȱbeȱdrawnȱfromȱ
theȱ singleȱ observationȱ ofȱ ΉȬFe2(N0.80C0.20)0.92ȱ (Leineweberȱ etȱ al.,ȱ 2001).ȱ Evenȱ forȱ theȱ pureȱ
nitrides,ȱ theȱorderingȱofȱnitrogenȱ isȱnotȱcompletelyȱunderstood,ȱwithȱapparentȱadditionalȱ
orderingȱoccurringȱ forȱ theȱcompositionȱFe2N0.81ȱandȱadditionalȱdiffuseȱscatteringȱobservedȱ
inȱelectronȱdiffractionȱpatternsȱforȱhigherȱnitrogenȱcontentsȱ(Leineweberȱetȱal.,ȱ2001;ȱLiuȱetȱ
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al.,ȱ2006).ȱ Inȱorderȱ toȱ investigateȱ theȱ interstitialȱorderingȱ inȱ ΉȬironȱ (carbo)nitrides,ȱ severalȱ
samplesȱwithȱdifferentȱnitrogenȱandȱcarbonȱcontentsȱwereȱsynthesizedȱandȱstructuralȱandȱ
magneticȱ propertiesȱ characterizedȱ usingȱ neutronȱ diffraction,ȱ vibratingȱ sampleȱ
magnetometryȱ(VSM)ȱandȱMössbauerȱspectroscopy.ȱ
5.1 Experimentalȱ
Ironȱpowderȱ(99.0+%ȱpurity,ȱGoodfellowȱCambridgeȱLtd.)ȱwithȱaȱmeanȱparticleȱsizeȱofȱ6ȱ–ȱ8ȱ
ΐmȱwereȱusedȱ forȱnitridingȱ andȱnitrocarburizingȱwithȱ ammonia,ȱnitrogenȱ andȱhydrogenȱ
gassesȱofȱ 99.999%ȱ andȱpropeneȱofȱ 99.5%ȱpurity.ȱFourȱ samplesȱwereȱpreparedȱ inȱ ceramicȱ
cruciblesȱinȱaȱNetzschȱSTAȱ449ȱCȱJupiterȱthermalȱanalyzerȱatȱ718ȱKȱforȱ2.5ȱ–ȱ3ȱhours.ȱTotalȱ
flowȱratesȱofȱ55ȱ–ȱ68ȱmL/minȱwereȱusedȱwithȱaȱconstantȱN2ȱflowȱofȱ5ȱmL/minȱforȱprotectionȱ
ofȱelectronicsȱinȱtheȱmeasurementȱcompartment.ȱInȱorderȱtoȱobtainȱsufficientȱamountsȱforȱallȱ
analyses,ȱtenȱidenticalȱbatchesȱwereȱcombinedȱtoȱformȱeachȱsample.ȱ
Theȱcompositionsȱdeterminedȱbyȱcombustionȱ infraredȱdetectionȱ (carbonȱcontent)ȱonȱaȱ
LECOȱCS230ȱandȱbyȱinertȱgasȱfusionȱthermalȱconductivityȱdetectionȱ(nitrogenȱcontent)ȱonȱaȱ
LECOȱTN500ȱ isȱgivenȱ inȱTableȱ 5.1.ȱTheȱdeterminedȱ compositionȱofȱFe2(N0.757C0.243)0.84ȱwasȱ
correctedȱ forȱ theȱ presenceȱ ofȱ smallȱ amountsȱ (1.3%ȱ byȱmass)ȱ ofȱ ·’ȬFe4Nȱ inȱ theȱ sample,ȱ
assumingȱstoichiometricȱcompositionȱandȱzeroȱcarbonȱcontent.ȱ
ȱ
Tableȱ5.1:ȱNitridingȱ(KN)ȱandȱcarburizingȱ(KC)ȱpotentials
accordingȱtoȱequationsȱ2.8ȱandȱ2.9ȱandȱresultingȱsample
composition.ȱ
KNȱ[atmȬ1/2]ȱ KCȱ[atmȬ2/3]ȱ Compositionȱ
ǈȱ Ȭȱ Fe2N0.91ȱ
21.26ȱ Ȭȱ Fe2N0.72ȱ
17.91ȱ 2.84ȱ Fe2(N0.757C0.243)0.84ȱ
49.09ȱ 5.44ȱ Fe2(N0.819C0.181)0.88ȱ
ȱ
Twoȱ additionalȱ samplesȱ wereȱ preparedȱ inȱ aȱ LACȱ PKRC55/09ȱ furnaceȱ retrofittedȱ forȱ
nitridingȱ atȱ 693ȱKȱ forȱ 55ȱ toȱ 80ȱhours.ȱTheȱ appliedȱ gasȱ flowȱ ratesȱ andȱ calculatedȱ sampleȱ
compositionsȱ areȱ givenȱ inȱ Tableȱ 5.2.ȱ Noȱ hydrogenȱ wasȱ added,ȱ which,ȱ assumingȱ noȱ
dissociationȱ ofȱ ammonia,ȱ leadsȱ toȱ infiniteȱ potentialsȱ accordingȱ toȱ equationsȱ 2.8ȱ andȱ 2.9.ȱ
Veryȱ similarȱ sampleȱ compositionsȱwereȱ obtainedȱwithȱ aȱ slightlyȱ higherȱ carbonȱ contentȱ
usingȱaȱpropeneȱflowȱrateȱofȱ19ȱmL/min.ȱ
AnȱAgilentȱ SuperNovaȱ diffractometerȱwithȱ anȱAtlasȱ S2ȱ CCDȱ detectorȱ usingȱMoȱ K΅ȱ
radiationȱ andȱ calibratedȱwithȱ aȱ LaB6ȱ standardȱwasȱ usedȱ forȱ theȱ determinationȱ ofȱ latticeȱ
parametersȱforȱFe2N0.72.ȱNeutronȱpowderȱdiffractionȱonȱtheȱsamplesȱgivenȱinȱTableȱ5.2ȱwasȱ
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ȱ
performedȱusingȱtheȱMEREDITȱdiffractometerȱatȱtheȱNuclearȱPhysicsȱInstituteȱASCRȱinȱdež,ȱ
theȱCzechȱRepublic.ȱSamplesȱwereȱplacedȱ inȱvanadiumȱ containersȱwithȱ aȱdiameterȱofȱ 13ȱ
mm,ȱ andȱ aȱ monochromatorȱ consistingȱ ofȱ threeȱ mosaicȱ Cu(220)ȱ crystalsȱ providedȱ aȱ
wavelengthȱofȱΏȱ=ȱ1.46ȱÅ.ȱDataȱwereȱcollectedȱatȱroomȱtemperatureȱinȱaȱ2Όȱrangeȱofȱ4ȱ–ȱ144°ȱ
(correspondingȱtoȱaȱqȱrangeȱfromȱ0.3ȱtoȱ8.2ȱÅȬ1)ȱwithȱaȱstepȱsizeȱofȱ0.08°ȱinȱ2Ό.ȱ
ȱ
Tableȱ5.2:ȱGasȱflowȱratesȱofȱammoniaȱandȱpropene,ȱtreatmentȱtimeȱandȱresulting
sampleȱcomposition.ȱ
NH3ȱ[L/min]ȱ C3H6ȱ[mL/min]ȱ Timeȱ[hours]ȱ Compositionȱ
1ȱ 11ȱ 80ȱ Fe2(N0.715C0.285)0.92ȱ
1ȱ 19ȱ 55ȱ Fe2(N0.706C0.294)0.92ȱ
ȱ
AdditionalȱneutronȱdiffractogramsȱwereȱcollectedȱusingȱtheȱE3ȱdiffractometerȱatȱHelmholtzȬ
ZentrumȱBerlinȱ(HZB),ȱGermanyȱ(Wimporyȱetȱal.,ȱ2008).ȱSamplesȱwereȱplacedȱinȱvanadiumȱ
containersȱwithȱaȱdiameterȱofȱ8ȱmmȱunderȱvacuumȱandȱdataȱcollectedȱatȱroomȱtemperature,ȱ
373ȱK,ȱ473ȱKȱandȱ573ȱKȱwithȱaȱneutronȱwavelengthȱofȱΏȱ=ȱ1.4892ȱÅ.ȱTheȱappliedȱwavelengthȱ
andȱ correctionȱ forȱ diffractionȱ angleȱ (2Ό)ȱ zeroȱ shiftȱwasȱ determinedȱ fromȱ aȱ Cuȱ powderȱ
standard.ȱDataȱwereȱcollectedȱ inȱaȱ2Όȱrangeȱofȱ40ȱ–ȱ103°ȱ(correspondingȱtoȱaȱqȱrangeȱfromȱ
2.9ȱ toȱ 6.6ȱÅȬ1)ȱwithȱ aȱ stepȱ sizeȱ ofȱ 0.105°ȱ inȱ 2Ό.ȱ Rietveldȱ refinementsȱ ofȱ intensityȱ versusȱ
scatteringȱ angleȱ (2Ό)ȱwereȱ carriedȱ outȱusingȱ theȱprogramȱWINPOW,ȱ aȱ localȱ variationȱ ofȱ
LHMPȱ (Howardȱ&ȱHill,ȱ1986).ȱPseudoȬVoigtȱprofileȱ functionsȱwereȱappliedȱ togetherȱwithȱ
Chebyshevȱbackgroundȱpolynomials.ȱȱ
Vibratingȱ sampleȱmagnetometryȱwasȱperformedȱwithȱ aȱLakeȱ ShoreȱCryotronicsȱ 7400ȱ
SeriesȱVibratingȱSampleȱMagnetometerȱ(VSM)ȱequippedȱwithȱeitherȱaȱsingleȬstageȱvariableȱ
temperatureȱ optionȱ (modelȱ 74035)ȱ orȱ aȱ lowȬtemperatureȱ variableȱ temperatureȱ cryostatȱ
(modelȱ 74018).ȱ Theȱ 57FeȱMössbauerȱ spectraȱ wereȱ recordedȱ usingȱ conventionalȱ constantȱ
accelerationȱspectrometersȱwithȱsourcesȱofȱ57CoȱinȱRhȱonȱsamplesȱmixedȱwithȱboronȱnitrideȱ
powder.ȱ Spectraȱ obtainedȱ atȱ lowȱ temperaturesȱwereȱ recordedȱ inȱ aȱ closedȱ cycleȱ heliumȱ
refrigeratorȱ (APDȱCryogenics)ȱ andȱ isomerȱ shiftsȱ areȱ givenȱwithȱ respectȱ toȱ ΅ȬFeȱ atȱ roomȱ
temperature.ȱMössbauerȱspectraȱwereȱfittedȱwithȱLorentzianȱlineȱprofilesȱandȱsextetsȱwereȱ
constrainedȱtoȱanȱintensityȱratioȱofȱ3:2:1:1:2:3ȱandȱpairwiseȱequalȱlineȱwidths.ȱ
5.2 Magneticȱpropertiesȱ
HysteresisȱcurvesȱandȱmagnetizationȱasȱaȱfunctionȱofȱtemperatureȱforȱtheȱΉȬ(carbo)nitridesȱ
(Figureȱ5.1)ȱshowȱaȱclearȱvariationȱinȱmagneticȱpropertiesȱwithȱchangingȱinterstitialȱcontent.ȱ
ExceptȱforȱFe2N0.91,ȱtheȱsaturationȱmagnetizationȱmeasuredȱatȱ80ȱKȱinȱanȱappliedȱfieldȱofȱB0ȱ=ȱ
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1.6ȱTȱdecreasesȱ forȱ increasingȱ interstitialȱcontent.ȱAȱ similarȱ trendȱ isȱnoticedȱ forȱ theȱCurieȱ
temperatures,ȱTC,ȱ (Tableȱ5.3)ȱdeterminedȱasȱ theȱzeroȬpointȱofȱ theȱsecondȱderivativeȱofȱ theȱ
magnetizationȱcurvesȱ(Fabianȱetȱal.,ȱ2013).ȱBelowȱtheȱCurieȱtemperatureȱallȱsamplesȱcanȱbeȱ
classifiedȱ asȱ softȱ ferromagneticȱ materials.ȱ Theȱ decreasingȱ magnetizationȱ andȱ Curieȱ
temperatureȱwithȱincreasingȱnitrogenȱcontentȱisȱwellȬknownȱforȱΉȬironȱnitrideȱ(Bouchardȱetȱ
al.,ȱ 1974;ȱKanoȱ etȱal.,ȱ 2001;ȱLeineweberȱ etȱal.,ȱ 2001),ȱbutȱ inȱoneȱ caseȱdeviationsȱhaveȱbeenȱ
observedȱdueȱtoȱtheȱpresenceȱofȱcarbonȱ(Leineweberȱetȱal.,ȱ2001).ȱȱ
ȱ
ȱ
Figureȱ 5.1:ȱ a)ȱ Magneticȱ hysteresisȱ curvesȱ forȱ ΉȬironȱ (carbo)nitridesȱ atȱ 80ȱ Kȱ andȱ b)ȱ specificȱ
magnetizationȱ versusȱ temperatureȱ atȱB0ȱ =ȱ 0.05ȱTȱmeasuredȱ atȱ aȱ coolingȱ rateȱ ofȱ 1.5ȱK/min.ȱ Forȱ
clarityȱonlyȱeveryȱ30thȱmeasurementȱpointȱisȱshownȱexceptȱforȱtheȱinsetȱinȱa).ȱ
Theȱvariationȱ inȱmagneticȱpropertiesȱ can,ȱatȱ leastȱqualitatively,ȱbeȱ explainedȱbyȱaȱ simpleȱ
donorȱmodelȱ inȱwhichȱnitrogenȱpartiallyȱdonatesȱ2pȱelectronȱdensityȱ toȱ theȱ ironȱ3dȱbandȱ
(Eickelȱ&ȱ Pitsch,ȱ 1970;ȱChenȱ etȱ al.,ȱ 1983).ȱWithȱ increasingȱ nitrogenȱ content,ȱ holesȱ inȱ theȱ
partiallyȱfilledȱbandȱofȱminorityȱspinsȱareȱgraduallyȱfilled,ȱreducingȱtheȱdifferenceȱbetweenȱ
majorityȱandȱminorityȱspins.ȱSubstitutionȱofȱnitrogenȱbyȱcarbonȱhasȱinȱoneȱcaseȱbeenȱshownȱ
toȱcauseȱanȱincreaseȱinȱbothȱmagnetizationȱandȱCurieȱtemperatureȱ(Leineweberȱetȱal.,ȱ2001).ȱ
Thisȱisȱinȱagreementȱwithȱtheȱdonorȱmodelȱsinceȱcarbonȱhasȱonlyȱtwoȱ2pȱelectronsȱcomparedȱ
toȱthreeȱforȱnitrogen.ȱ
ȱ
Tableȱ5.3:ȱCurieȱtemperatureȱ(TC)ȱandȱspecificȱsaturationȱmagnetizationȱ(Ηs)ȱatȱ80ȱKȱinȱanȱappliedȱfieldȱofȱB0ȱ=ȱ
1.6ȱTȱdeterminedȱforȱΉȬironȱ(carbo)nitrides.ȱ
Sampleȱ Fe2N0.72ȱ Fe2(NxC1Ȭx)0.84ȱ Fe2(NxC1Ȭx)0.88ȱ Fe2(NxC1Ȭx)0.92ȱ Fe2(NxC1Ȭx)0.92ȱ Fe2N0.91ȱ
xȱ Ȭȱ 0.757ȱ 0.819ȱ 0.706ȱ 0.715ȱ Ȭȱ
Ηsȱ[Am2/kg]ȱ 154ȱ 132ȱ 114ȱ 103ȱ 101ȱ 71ȱ
TCȱ[K]ȱ 480ȱ 431ȱ 349ȱ 340ȱ 336ȱ 222ȱ
ȱ
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Curieȱtemperaturesȱforȱtheȱtwoȱpureȱnitrideȱsamplesȱareȱcomparableȱtoȱpublishedȱliteratureȱ
valuesȱasȱseenȱ inȱFigureȱ5.2.ȱTheȱvaluesȱ forȱ theȱcarbonitrideȱsamplesȱareȱclearlyȱ increasedȱ
comparedȱ toȱ theȱ relationȱ betweenȱCurieȱ temperatureȱ andȱ interstitialȱ contentȱ forȱ pureȱ ΉȬ
nitrides.ȱTheȱpreviouslyȱpublishedȱsingleȱobservationȱofȱincreasedȱmagnetizationȱandȱCurieȱ
temperatureȱforȱΉȬironȱcarbonitridesȱcomparedȱtoȱnitridesȱofȱsimilarȱtotalȱinterstitialȱcontentȱ
(Leineweberȱetȱal.,ȱ2001)ȱisȱthusȱconfirmedȱasȱaȱgeneralȱtrend.ȱ
ȱ
Figureȱ5.2:ȱCurieȱtemperatureȱ(TC)ȱobtainedȱforȱΉȬFe2N1ȬzȱandȱΉȬFe2(N,C)1Ȭzȱcomparedȱtoȱtheȱvaluesȱ
obtainedȱforȱΉȬFe2N1ȬzȱbyȱLeineweberȱetȱal.ȱ(2001),ȱKanoȱetȱal.ȱ(2001)ȱandȱBouchardȱetȱal.ȱ(1974).ȱAȱ
dottedȱlineȱisȱdrawnȱbetweenȱtheȱtwoȱpureȱnitrideȱsamplesȱtoȱemphasizeȱtheȱincreasedȱTCȱofȱtheȱ
carbonitrides.ȱ
5.2.1 Mössbauerȱspectroscopyȱ
Theȱ presenceȱ ofȱ magneticȱ orderingȱ atȱ lowȱ temperaturesȱ isȱ confirmedȱ byȱ Mössbauerȱ
spectroscopy.ȱEachȱindividualȱspectrumȱrecordedȱatȱ18ȱKȱ(Figureȱ5.3)ȱcouldȱbeȱfittedȱwithȱaȱ
combinationȱofȱ threeȱsextets.ȱTheȱsextetȱcomponentsȱcorrespondȱ toȱFeȱsurroundedȱbyȱoneȱ
(I),ȱtwoȱ(II)ȱorȱthreeȱ(IIIaȱandȱIIIb)ȱnitrogenȱorȱcarbonȱatomsȱ(Chenȱetȱal.,ȱ1983;ȱSomersȱetȱal.,ȱ
1997).ȱInȱtheȱidealȱstructureȱofȱΉȬFe3NȱonlyȱcomponentȱIIȱshouldȱbeȱobserved,ȱbutȱincreasingȱ
nitrogenȱorȱcarbonȱcontents,ȱzȱ<ȱ1/3ȱforȱΉȬFe2(N,C)1Ȭz,ȱleadsȱtoȱsomeȱironȱatomsȱhavingȱthreeȱ
N/Cȱnearestȱneighbors.ȱFourȱnearestȱneighborsȱareȱnotȱobservedȱdueȱtoȱtheȱrepulsiveȱnatureȱ
ofȱtheȱinteractionsȱofȱsimultaneouslyȱoccupiedȱfaceȬsharingȱoctahedralȱpositions.ȱ
Theȱsextetȱcorrespondingȱ toȱ justȱoneȱnitrogenȱnearestȱneighborȱwasȱonlyȱobservedȱ forȱ
Fe2N0.72ȱ(Tableȱ5.4).ȱThisȱconfigurationȱoccursȱaccordingȱtoȱtheȱreactionȱ2ȱ(II)ȱĺȱ(I)ȱ+ȱ(III)ȱdueȱ
toȱpartialȱdisorderingȱ ȱ(Chenȱetȱal.,ȱ1983;ȱLeineweberȱetȱal.,ȱ2001).ȱTheȱfractionalȱoccupancyȱ
ofȱinterstitialsȱperȱtwoȱironȱatomsȱ(=1Ȭz)ȱforȱΉȬFe2(N,C)1Ȭzȱcanȱbeȱcalculatedȱasȱ̕fi(i/3),ȱwhereȱfiȱ
isȱ theȱ relativeȱ areaȱ ofȱ sextetsȱ correspondingȱ toȱ ironȱ atomsȱ surroundedȱ byȱ iȱ =ȱ 1,ȱ 2ȱ orȱ 3ȱ
nitrogenȱorȱcarbonȱatoms.ȱȱ
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Figureȱ5.3:ȱMössbauerȱ spectraȱofȱ ΉȬironȱ (carbo)nitridesȱ recordedȱatȱ18ȱK.ȱDataȱareȱpresentedȱasȱ
points,ȱfitsȱasȱblackȱlinesȱandȱtheȱindividualȱsextetȱcomponentsȱasȱgreyȱlines.ȱ
Theȱcalculatedȱvaluesȱonlyȱslightlyȱoverestimateȱtheȱtotalȱ interstitialȱcontentȱ(Tableȱ5.4).ȱAȱ
perfectȱ agreementȱ isȱ notȱ expectedȱ withinȱ experimentalȱ accuracy,ȱ butȱ theȱ systematicȱ
deviationȱ isȱ likelyȱ aȱ consequenceȱ ofȱ fittingȱ individualȱ sextetsȱ toȱ componentsȱ thatȱ areȱ
actuallyȱcharacterizedȱbyȱaȱdistributionȱinȱhyperfineȱfieldsȱ(Chenȱetȱal.,ȱ1983).ȱThisȱisȱevidentȱ
fromȱbroadeningȱofȱspectralȱ lines,ȱandȱparticularlyȱ theȱcomponentȱcorrespondingȱ toȱ threeȱ
interstitialȱnearestȱneighborsȱrequiresȱatȱ leastȱ twoȱsextetsȱ (IIIaȱandȱ IIIb)ȱ inȱorderȱ toȱobtainȱ
reasonableȱfits.ȱLineȱwidthsȱinȱexcessȱofȱ1ȱmm/sȱareȱobservedȱcomparedȱtoȱanȱinstrumentalȱ
valueȱ ofȱ approximatelyȱ 0.25ȱ mm/s.ȱ Chenȱ etȱ al.ȱ offeredȱ anȱ approximateȱ interpretationȱ
involvingȱtheȱsurroundingȱironȱatomsȱ(secondȱcoordinationȱshell).ȱTheseȱmay,ȱthemselves,ȱ
beȱ predominantlyȱ surroundedȱ byȱ eitherȱ twoȱ orȱ threeȱ interstitialȱ atoms,ȱ causingȱ theȱ twoȱ
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differentȱobservedȱironȱenvironments.ȱWithȱaȱfewȱexceptionsȱavailableȱliteratureȱdataȱforȱΉȬ
Fe2N1Ȭzȱ (Chenȱ etȱal.,ȱ1983;ȱSomersȱ etȱal.,ȱ1997;ȱPekelharingȱ etȱal.,ȱ1999)ȱqualitativelyȱagreesȱ
withȱthisȱsimplifiedȱinterpretation.ȱ
Theȱ entireȱdistributionȱ inȱ hyperfineȱ fieldsȱpresumablyȱdependsȱ onȱ theȱ variousȱ exactȱ
configurationsȱ aroundȱ neighboringȱ ironȱ atoms.ȱ Firstȱ principlesȱ calculationsȱ ofȱ hyperfineȱ
interactionsȱ have,ȱ soȱ far,ȱ focusedȱ onȱ fullyȱ orderedȱ systemsȱwithoutȱ contributionsȱ fromȱ
possibleȱ configurationsȱ ofȱ surroundingȱ ironȱ atomsȱ (Shangȱ etȱ al.,ȱ 2006).ȱ Thisȱ limitsȱ theȱ
possibilityȱ forȱ quantitativeȱ interpretationȱ ofȱ theȱ distributions,ȱ andȱ theȱ individualȱ
componentsȱtypicallyȱfittedȱforȱtheȱΉȬnitridesȱwasȱthereforeȱused.ȱ
ȱ
Tableȱ5.4:ȱHyperfineȱfieldȱ(Bhf),ȱisomerȱshiftȱ(Έ)ȱandȱrelativeȱcontributionȱ(fi)ȱofȱsextetsȱdesignatedȱI,ȱII,ȱIIIaȱandȱ
IIIbȱ fittedȱ toȱMössbauerȱ spectraȱ ofȱ ΉȬFe2(N,C)1Ȭzȱ powderȱ samplesȱ recordedȱ atȱ 18ȱK.ȱ ̕fi(i/3)ȱ isȱ theȱ fractionalȱ
occupancyȱofȱinterstitialsȱperȱtwoȱironȱatomsȱ(=ȱ1Ȭz)ȱasȱcalculatedȱfromȱtheȱrelativeȱcontributionsȱofȱironȱatomsȱ
surroundedȱbyȱiȱ=ȱ1,ȱ2ȱorȱ3ȱnitrogenȱorȱcarbonȱatoms.ȱ
Sampleȱ Fe2N0.72ȱ Fe2(N1ȬxCx)0.84ȱ Fe2(N1ȬxCx)0.88ȱ Fe2(N1ȬxCx)0.92ȱ Fe2(N1ȬxCx)0.92ȱ Fe2N0.91ȱ
xȱ Ȭȱ 0.243ȱ 0.181ȱ 0.294ȱ 0.285ȱ Ȭȱ
Iȱ
Bhfȱ[T]ȱ 33.8ȱ Ȭȱ Ȭȱ Ȭȱ Ȭȱ Ȭȱ
Έȱ[mm/s]ȱ 0.41ȱ Ȭȱ Ȭȱ Ȭȱ Ȭȱ Ȭȱ
fȱȱ[%]ȱ 0.8ȱ Ȭȱ Ȭȱ Ȭȱ Ȭȱ Ȭȱ
IIȱ
Bhfȱ[T]ȱ 26.2ȱ 26.2ȱ 26.2ȱ 25.9ȱ 25.7ȱ 25.5ȱ
Έȱ[mm/s]ȱ 0.47ȱ 0.46ȱ 0.47ȱ 0.46ȱ 0.46ȱ 0.50ȱ
fȱȱ[%]ȱ 71.2ȱ 41.1ȱ 31.7ȱ 18.5ȱ 17.5ȱ 21.0ȱ
IIIaȱ
Bhfȱ[T]ȱ 14.4ȱ 16.0ȱ 15.4ȱ 16.4ȱ 15.9ȱ 13.4ȱ
Έȱ[mm/s]ȱ 0.53ȱ 0.51ȱ 0.52ȱ 0.50ȱ 0.50ȱ 0.56ȱ
fȱȱ[%]ȱ 28.0ȱ 49.5ȱ 49.9ȱ 34.4ȱ 38.2ȱ 31.9ȱ
IIIbȱ
Bhfȱ[T]ȱ Ȭȱ 12.2ȱ 11.7ȱ 13.0ȱ 12.7ȱ 7.7ȱ
Έȱ[mm/s]ȱ Ȭȱ 0.59ȱ 0.56ȱ 0.52ȱ 0.52ȱ 0.56ȱ
fȱȱ[%]ȱ Ȭȱ 9.4ȱ 18.4ȱ 47.1ȱ 44.3ȱ 47.1ȱ
̕fiȱ(i/3)ȱ 0.76ȱ 0.86ȱ 0.89ȱ 0.94ȱ 0.94ȱ 0.93ȱ
ȱ
Fittedȱhyperfineȱfieldsȱ(Bhf)ȱandȱ isomerȱshiftsȱ(Έ)ȱareȱgivenȱ inȱTableȱ5.4.ȱQuadrupoleȱshiftsȱ
areȱsmallȱandȱtheȱqualityȱofȱtheȱfitsȱdoesȱnotȱdeteriorateȱifȱconstrainedȱtoȱzero,ȱinȱagreementȱ
withȱ theȱ resultsȱofȱChenȱ etȱal.ȱ (1983).ȱTheseȱvaluesȱareȱ thereforeȱnotȱ tabulated.ȱHyperfineȱ
fieldsȱandȱisomerȱshiftsȱareȱcomparedȱtoȱvaluesȱforȱΉȬFe2N1ȬzȱinȱFigureȱ5.4.ȱHyperfineȱfieldsȱ
forȱ theȱ carbonitridesȱ areȱ consistentlyȱ higherȱ thanȱ forȱ nitridesȱ ofȱ similarȱ totalȱ interstitialȱ
content,ȱwhichȱisȱconsistentȱwithȱtheȱdonorȱmodelȱandȱmagnetizationȱmeasurements.ȱ
Theȱ donorȱmodelȱ alsoȱ explainsȱ theȱ reducedȱ isomerȱ shiftsȱ ofȱ theȱ carbonitridesȱ sinceȱ
reducedȱ screeningȱ fromȱ dȬelectronsȱ increasesȱ theȱ effectiveȱ sȬelectronȱ densityȱ atȱ theȱ ironȱ
nuclei.ȱ Itȱ isȱnotedȱ thatȱ theȱ trendȱ isȱnotȱapparentȱ forȱ componentȱ IIIb,ȱwhichȱalsoȱdisplaysȱ
significantlyȱscatteredȱliteratureȱvalues.ȱThisȱisȱmostȱlikelyȱcausedȱbyȱtheȱdifficultyȱinȱfittingȱ
superimposedȱcomponentsȱandȱtheȱdiscussedȱdistributionsȱinȱhyperfineȱfields,ȱasȱopposedȱ
toȱwellȬdefinedȱsextets.ȱ
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Figureȱ 5.4:ȱHyperfineȱ fieldsȱ (Bhf)ȱ andȱ isomerȱ shiftsȱ (Έ)ȱ forȱ ΉȬFe2N1Ȭzȱ andȱ ΉȬFe2(N,C)1Ȭzȱ atȱ 18ȱKȱ
comparedȱ toȱ theȱ valuesȱ obtainedȱ forȱ ΉȬFe2N1Ȭzȱ byȱ Chenȱ etȱ al.ȱ (1983),ȱ Somersȱ etȱ al.ȱ (1997)ȱ andȱ
Pekelharingȱetȱal.ȱ(1999)ȱatȱ4.2ȱK.ȱ
5.3 Neutronȱdiffractionȱ
Figureȱ5.5ȱshowsȱneutronȱdiffractogramsȱrecordedȱusingȱtheȱdiffractometerȱMEREDIT@NPIȱ
forȱ theȱ twoȱ samplesȱ Fe2(N0.706C0.294)0.92ȱ andȱ Fe2(N0.715C0.285)0.92.ȱ Inȱ bothȱ cases,ȱ classȱ (001)ȱ
superstructureȱreflectionsȱwereȱobserved,ȱwhichȱareȱsystematicallyȱextinctȱforȱspaceȱgroupȱ
P6322ȱ(seeȱSectionȱ2.2.1ȱforȱaȱdescriptionȱofȱstructuralȱmodelsȱforȱΉȬironȱnitrideȱandȱclassesȱofȱ
superstructureȱ reflections).ȱAdditionalȱ reflections,ȱwhichȱcoincideȱwithȱ theȱsuperstructureȱ
reflections,ȱareȱpresentȱdueȱ toȱaȱsmallȱ Ώ/2Ȭcontributionȱ (intensityȱratioȱ0.4%ȱofȱ theȱprimaryȱ
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neutronȱwavelength,ȱΏ)ȱ fromȱ theȱappliedȱmonochromator.ȱForȱ spaceȱgroupȱP6322,ȱ theȱ Ώ/2Ȭ
contributionȱcannotȱentirelyȱexplainȱtheȱobservedȱintensitiesȱ(Figureȱ5.5cȬf).ȱTheȱpresenceȱofȱ
classȱ (001)ȱ superstructureȱ reflectionsȱ andȱ thusȱ theȱ P3– 1mȱ structuralȱ modelȱ forȱ theȱ ΉȬ
carbonitrides,ȱasȱsuggestedȱbyȱLeineweberȱetȱal.ȱ(2001),ȱisȱthereforeȱconfirmed.ȱ
AȱcomparisonȱofȱtheȱstructuralȱmodelsȱshowsȱthatȱgoingȱfromȱspaceȱgroupȱP6322,ȱwithȱ
Wyckoffȱpositionsȱ2bȱandȱ2cȱoccupied,ȱtoȱP3–1mȱwithȱoccupationȱofȱ1aȱandȱ2dȱcorrespondsȱtoȱ
anȱincreaseȱinȱtheȱdegreeȱofȱlongȱrangeȱorder.ȱTheȱstructureȱofȱΉȬFe2N1Ȭzȱdescribedȱinȱspaceȱ
groupȱP6322ȱleadsȱtoȱoccupationȱofȱWyckoffȱsiteȱ2bȱ(i.e.ȱC1ȱandȱC2,ȱcf.ȱTableȱ2.1ȱandȱFigureȱ
2.4)ȱforȱzȱ<ȱ1/3ȱ(Leineweberȱetȱal.,ȱ2001).ȱSinceȱoccupationȱofȱC1ȱsitesȱdirectlyȱaboveȱorȱbelowȱ
occupiedȱC2ȱsitesȱdoesȱnotȱoccur,ȱtheȱstructureȱcanȱonlyȱbeȱrealizedȱbyȱshortȱrangeȱordering.ȱ
Forȱ theȱ carbonitridesȱ inȱ spaceȱ groupȱP3–1mȱ shortȱ rangeȱ orderingȱ isȱ notȱ necessaryȱ ifȱ onlyȱ
positionsȱ1aȱandȱ2dȱareȱoccupied.ȱ
ȱ
Figureȱ5.5:ȱNeutronȱdiffractogramȱ(MEREDITȱdiffractometer,ȱΏȱ=ȱ1.46ȱÅ),ȱrefinedȱRietveldȱprofileȱ
andȱ differenceȱ curveȱ forȱ a)ȱ Fe2(N0.706C0.294)0.92ȱ andȱ b)ȱ Fe2(N0.715C0.285)0.92.ȱ Comparisonȱ ofȱ
superstructureȱ reflectionsȱ ofȱ structuralȱmodelsȱ inȱ spaceȱ groupȱ 1m3P ȱ(c+d)ȱ andȱP6322ȱ (e+f)ȱ forȱ
Fe2(N0.715C0.285)0.92.ȱNoteȱtheȱΏ/2Ȭcontributionȱ(intensityȱratioȱ0.004).ȱ
Refinementsȱwereȱ carriedȱoutȱwithȱ fixedȱC/Nȱ ratiosȱatȱ eachȱ siteȱandȱ theȱ totalȱnumberȱofȱ
interstitialsȱ constrainedȱ toȱ theȱ determinedȱ nitrogenȱ andȱ carbonȱ content.ȱ Refinedȱ C/Nȱ
occupanciesȱareȱlistedȱinȱTableȱ5.5.ȱForȱWyckoffȱpositionsȱ1bȱandȱ2cȱoccupanciesȱrefinedȱtoȱ
slightlyȱnegativeȱvaluesȱandȱwereȱconsequentlyȱfixedȱtoȱzero.ȱ
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Tableȱ5.5:ȱLatticeȱparametersȱ(aȱandȱc),ȱcombinedȱoccupancyȱ
ofȱWyckoffȱsitesȱbyȱnitrogenȱandȱcarbonȱ(ȡ),ȱprofileȱresidualȱ
(Rp)ȱ andȱ goodnessȬofȬfitȱ valueȱ (Λ2)ȱ obtainedȱ fromȱRietveldȱ
refinements.ȱ
Sampleȱ Fe2(N0.706C0.294)0.92ȱ Fe2(N0.715C0.285)0.92ȱ
aȱ[Å]ȱ 4.7813(2)ȱ 4.7830(2)ȱ
cȱ[Å]ȱ 4.4019(1)ȱ 4.4020(1)ȱ
ȡ(1a)ȱ 0.882(10)ȱ 0.994(13)ȱ
ȡ(2c)ȱ 0.070ȱȱ(4)ȱ 0.122ȱȱ(4)ȱ
ȡ(2d)ȱ 0.876ȱȱ(2)ȱ 0.767ȱȱ(4)ȱ
Rpȱ[%]ȱ 4.17ȱ 3.75ȱ
Ȥ2ȱ 9.26ȱ 5.40ȱ
ȱ
Minorȱchangesȱinȱinterstitialȱcontentȱisȱseenȱtoȱnoticeablyȱaffectȱrefinedȱoccupancies,ȱwithȱaȱ
slightȱ increaseȱ inȱ carbonȱ contentȱ causingȱaȱmoreȱ evenȱdistributionȱofȱ interstitials,ȱ ȡ(1a)ȱ ƿ
ȡ(2d). Itȱshould,ȱhowever,ȱbeȱnotedȱthatȱthisȱresultȱisȱobtainedȱassumingȱaȱfixedȱN/Cȱratioȱatȱ
eachȱ interstitialȱposition,ȱwhichȱ isȱunlikelyȱ toȱ beȱ theȱ caseȱ asȱdiscussedȱ inȱ Sectionȱ 5.4.ȱ Inȱ
addition,ȱtreatmentȱtimesȱwereȱmarkedlyȱdifferentȱforȱtheȱtwoȱsamplesȱandȱthermalȱhistoryȱ
mayȱaffectȱinterstitialȱorderingȱ(Liapinaȱetȱal.,ȱ2004).ȱ
ȱ
Figureȱ5.6:ȱNeutronȱdiffractogramȱ(E3ȱdiffractometer,ȱΏȱ=ȱ1.4892ȱÅ),ȱrefinedȱRietveldȱprofileȱandȱ
differenceȱcurveȱforȱFe2(N0.715C0.285)0.92ȱwithȱoccupanciesȱfixedȱatȱtheȱvaluesȱgivenȱinȱTableȱ5.5.ȱ
Dueȱtoȱaȱlowerȱsignal/noiseȱratioȱandȱaȱ limitedȱ2Όȱrangeȱofȱneutronȱdiffractogramsȱforȱtheȱ
remainingȱsamplesȱ(E3ȱdiffractometerȱatȱHZB),ȱrefinedȱoccupanciesȱdidȱnotȱyieldȱconsistentȱ
results.ȱ Figureȱ 5.6ȱ showsȱ theȱ neutronȱ diffractogramȱ andȱ Rietveldȱ profileȱ forȱ
Fe2(N0.715C0.285)0.92ȱwithȱoccupanciesȱfixedȱatȱtheȱvaluesȱgivenȱinȱTableȱ5.5.ȱAlthoughȱreliableȱ
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occupanciesȱwereȱ notȱ obtained,ȱ refinementsȱ didȱ indicateȱ increasedȱ disorderȱ atȱ elevatedȱ
temperaturesȱasȱevidencedȱbyȱ increasingȱoccupancyȱofȱWyckoffȱsiteȱ2dȱ forȱFe2N0.91ȱ (P6322)ȱ
andȱ2cȱforȱtheȱcarbonitridesȱ(P3–1m).ȱLatticeȱparametersȱareȱconsistentȱbetweenȱtheȱtwoȱdataȱ
setsȱ asȱ seenȱ byȱ comparingȱ theȱ valuesȱ forȱ Fe2(N0.706C0.294)0.92ȱ andȱ Fe2(N0.715C0.285)0.92ȱ listedȱ inȱ
Tablesȱ5.5ȱandȱ5.6.ȱ
ȱ
ȱ
Figureȱ5.7:ȱLatticeȱparametersȱ(aȱandȱc)ȱversusȱtemperatureȱforȱΉȬironȱ(carbo)nitrides.ȱEstimatedȱ
standardȱdeviationsȱareȱǂȱ10Ȭ3ȱÅ.ȱLinesȱcorrespondȱ toȱfittedȱexpressionsȱforȱthermalȱexpansionȱ
(equationȱ4.1).ȱ
ȱ
Thermalȱexpansionȱinȱtermsȱofȱlatticeȱparametersȱaȱandȱcȱisȱapproximatelyȱlinearȱupȱtoȱtheȱ
maximumȱinvestigatedȱtemperatureȱofȱ573ȱKȱandȱcanȱbeȱfittedȱtoȱequationȱ4.1ȱ(Figureȱ5.7).ȱ
Initialȱ latticeȱparametersȱ andȱ expansionȱ coefficientsȱ (Tableȱ 5.6)ȱ followȱ theȱgeneralȱ trendsȱ
outlinedȱinȱChapterȱ4;ȱi.e.ȱincreasingȱinterstitialȱcontentȱincreasesȱaȱandȱthermalȱexpansionȱ
inȱthatȱdirectionȱ(exceptȱforȱFe2N0.91)ȱwhileȱaȱmoreȱcomplicatedȱrelationȱexistsȱforȱc.ȱ
ȱ
Tableȱ 5.6:ȱLatticeȱparametersȱ (aȱ andȱ c)ȱ atȱ roomȱ temperatureȱ andȱ expansionȱ coefficientsȱ fittedȱ toȱ
equationȱ(4.1)ȱinȱtermsȱofȱtheȱlatticeȱparametersȱandȱunitȱcellȱvolumeȱ(V)ȱforȱΉȬironȱ(carbo)nitrides.ȱ
Sampleȱ Fe2(N1ȬxCx)0.84ȱ Fe2(N1ȬxCx)0.88ȱ Fe2(N1ȬxCx)0.92ȱ Fe2(N1ȬxCx)0.92ȱ Fe2N0.91ȱ
xȱ 0.243ȱ 0.181ȱ 0.294ȱ 0.285ȱ Ȭȱ
a(RT)ȱ[Å]ȱ 4.7630(7)ȱ 4.7723(5)ȱ 4.7812(3)ȱ 4.7829(2)ȱ 4.7768(4)ȱ
c(RT)ȱ[Å]ȱ 4.4000(4)ȱ 4.4060(3)ȱ 4.4014(2)ȱ 4.4027(2)ȱ 4.4160(3)ȱ
ȱ΅exp(a)ȱ[×10Ȭ5ȱKȬ1]ȱ 1.23ȱȱ(3)ȱ 1.65ȱȱ(2)ȱ 1.84ȱ(8)ȱ 1.87ȱ(7)ȱ 2.56(11)ȱ
ȱ΅exp(c)ȱ[×10Ȭ5ȱKȬ1]ȱ 1.87(13)ȱ 1.70(10)ȱ 1.62ȱ(6)ȱ 1.45ȱ(4)ȱ 1.71ȱȱ(8)ȱ
ȱ΅exp(V)ȱ[×10Ȭ5ȱKȬ1]ȱ 4.35(17)ȱ 5.02(12)ȱ 5.32(15)ȱ 5.21(15)ȱ 6.87(31)ȱ
46ȱ Chapterȱ5ȱInterstitialȱorderingȱandȱmagnetismȱofȱΉȬironȱ(carbo)nitride
ȱ
5.4 Discussionȱ
Sinceȱ mostȱ ofȱ theȱ studiedȱ samplesȱ haveȱ Curieȱ pointsȱ aboveȱ roomȱ temperature,ȱ
contributionsȱ fromȱmagneticȱ orderingȱ inȱneutronȱdiffractogramsȱ areȱ expected.ȱForȱ theȱ ΉȬ
(carbo)nitridesȱ nuclearȱ andȱmagneticȱ reflectionsȱ coincide,ȱ butȱ someȱ disagreementȱ existsȱ
overȱwhetherȱmagneticȱmomentsȱareȱalignedȱperpendicularȱ ȱ(Leineweberȱetȱal.,ȱ1999,ȱ2001)ȱ
orȱ parallelȱ (Robbinsȱ &ȱWhite,ȱ 1964;ȱ Fangȱ etȱ al.,ȱ 2013)ȱ toȱ theȱ hexagonalȱ cȱ axis.ȱ Severalȱ
magneticȱmodelsȱwereȱ attemptedȱ inȱ analyzingȱ theȱ currentȱdata,ȱ butȱmagneticȱ structuresȱ
couldȱnotȱbeȱresolvedȱandȱareȱthereforeȱnotȱincludedȱinȱRietveldȱrefinements.ȱ
Latticeȱ parametersȱ forȱ ΉȬFe2(N,C)1Ȭz,ȱ includingȱ samplesȱ discussedȱ inȱ Chapterȱ 4,ȱ areȱ
plottedȱversusȱtotalȱ interstitialȱcontentȱ(1Ȭz)ȱinȱFigureȱ5.8(a).ȱWithinȱexperimentalȱaccuracyȱ
theȱaȱparameterȱcorrespondsȱtoȱpublishedȱrelationsȱforȱpureȱΉȬnitridesȱ(Somersȱetȱal.,ȱ1997;ȱ
Liapinaȱ etȱ al.,ȱ 2004)ȱ andȱ carbonitridesȱ (Firraoȱ etȱ al.,ȱ 1979)ȱ whileȱ thereȱ areȱ significantȱ
deviationsȱforȱc.ȱTheȱdeviationsȱincreaseȱforȱincreasingȱcarbonȱcontent.ȱ
ȱ
ȱ
Figureȱ 5.8:ȱ a)ȱ Latticeȱ parametersȱ versusȱ interstitialȱ contentȱ forȱ ΉȬFe2(N1ȬxCx)1Ȭzȱ comparedȱ toȱ
publishedȱ relationsȱ forȱ pureȱ nitridesȱ byȱ Somersȱ etȱ al.ȱ (1997)ȱ andȱ Liapinaȱ etȱ al.ȱ (2004)ȱ andȱ
carbonitridesȱ byȱ Firraoȱ etȱ al.ȱ (1979).ȱ Labelsȱ denoteȱ theȱ fractionȱ ofȱ interstitialȱ carbonȱ atoms,ȱ x.ȱȱȱ
b)ȱLatticeȱparameterȱcȱplottedȱagainstȱpublishedȱrelationȱ(Somersȱetȱal.,ȱ1997)ȱassumingȱnoȱchangeȱ
onȱsubstitutionȱofȱnitrogenȱbyȱcarbonȱ(grey)ȱandȱfittedȱrelationȱ(black)ȱwithȱcorrectionȱforȱcarbonȱ
contentȱ(equationȱ5.1).ȱ
Aȱ reducedȱ compositionallyȱ inducedȱ expansionȱ inȱ cȱ whileȱ aȱ isȱ mostlyȱ unaffectedȱ isȱ inȱ
contradictionȱtoȱtheȱinitialȱresultsȱobtainedȱbyȱJackȱ(1948b),ȱwhereȱaȱreductionȱinȱbothȱaȱandȱ
cȱwereȱobservedȱforȱpartialȱsubstitutionȱofȱnitrogenȱbyȱcarbon.ȱTheȱcurrentȱobservationsȱare,ȱ
however,ȱsupportedȱbyȱlaterȱfindingsȱofȱNaumannȱ&ȱLangenscheidȱ(1965b).ȱ
Basedȱonȱtheȱpublishedȱrelationȱbetweenȱlatticeȱparameterȱcȱandȱinterstitialȱcontentȱforȱ
ΉȬFe2N1ȬzȱbyȱSomersȱetȱal.ȱ(1997),ȱcȱ[Å]ȱ=ȱ4.2723ȱ+ȱ0.159(1Ȭz),ȱaȱcorrectionȱtermȱcanȱbeȱaddedȱ
forȱ theȱ fractionȱofȱ interstitialȱ carbonȱatoms,ȱx,ȱ inȱ ΉȬFe2(N1ȬxCx)1Ȭz.ȱAȱ leastȱ squaresȱ fitȱ toȱ theȱ
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currentȱdataȱyieldsȱaȱvalueȱforȱtheȱcorrectionȱtermȱofȱ–0.057(6)ȱÅ,ȱresultingȱinȱtheȱfollowingȱ
relationȱforȱc:ȱ
ȱ
cȱ[Å]ȱ=ȱ4.2723ȱ+ȱ0.159(1Ȭz)ȱ–ȱ0.057xȱ (5.1)
ȱ
Thisȱfitȱdoesȱnotȱcompletelyȱdescribeȱtheȱchangesȱinȱlatticeȱparameterȱforȱtheȱcarbonitridesȱ
butȱ isȱ aȱ significantȱ improvementȱ comparedȱ toȱ usingȱ theȱ relationȱ forȱ theȱ pureȱ nitridesȱ
(Figureȱ5.8).ȱ
Theȱ anisotropicȱ effectȱ onȱ latticeȱparametersȱ suggestsȱ thatȱ carbonȱdoesȱ notȱ randomlyȱ
substituteȱ nitrogen,ȱ i.e.ȱ carbonȱ preferentiallyȱ occupiesȱ certainȱ crystallographicȱ sites.ȱ Thisȱ
cannotȱ beȱ directlyȱ verifiedȱ byȱ theȱ refinedȱ occupanciesȱ sinceȱ Rietveldȱ refinementsȱwereȱ
carriedȱ outȱ withȱ aȱ fixedȱ N/Cȱ ratioȱ atȱ eachȱ interstitialȱ position.ȱ Itȱ can,ȱ however,ȱ beȱ
understoodȱfromȱtheȱnatureȱofȱtheȱcompositionallyȱ inducedȱ latticeȱexpansion.ȱAsȱnotedȱ inȱ
Sectionȱ 4.2.2,ȱ edgeȬsharingȱ contactsȱ ofȱ octahedralȱ interstitialȱ positionsȱ occurȱ exclusivelyȱ
parallelȱ toȱ (001).ȱSimultaneousȱoccupationȱofȱ theseȱpositionsȱcausesȱrepulsiveȱ interactions,ȱ
whichȱareȱaccommodatedȱbyȱpreferentialȱexpansionȱofȱ theȱstructureȱ inȱthatȱdirection.ȱ ȱForȱ
anȱ idealȱ structureȱ describedȱ inȱ spaceȱ groupȱ P3–1m,ȱ onlyȱWyckoffȱ sitesȱ 1aȱ andȱ 2dȱ areȱ
occupied,ȱ correspondingȱ toȱ sitesȱ designatedȱ A1,ȱ B2ȱ andȱ C2ȱ cf.ȱ Tableȱ 2.1.ȱ EdgeȬsharingȱ
contactsȱoccurȱbetweenȱB2ȱandȱC2ȱ (2d).ȱSinceȱ theȱ latticeȱparameterȱaȱ isȱcomparableȱ forȱ ΉȬ
nitridesȱandȱcarbonitridesȱitȱcanȱthusȱbeȱassumedȱthatȱtheseȱsitesȱareȱpreferentiallyȱoccupiedȱ
byȱnitrogen.ȱ
Theȱexpansionȱperpendicularȱ toȱ (001)ȱ isȱprimarilyȱgovernedȱbyȱoccupationȱofȱ siteȱA1ȱ
(1a).ȱForȱpreferredȱcarbonȱoccupancyȱofȱthisȱsite,ȱaȱreducedȱlatticeȱparameterȱcȱcanȱbeȱseenȱ
asȱ aȱ resultȱ ofȱ favorableȱ (lessȱ repulsive)ȱ CȬNȱ interactionsȱ comparedȱ toȱ NȬN.ȱ Ifȱ onlyȱ
interstitialsȱareȱconsideredȱforȱanȱorderedȱstructure,ȱinȱwhichȱnitrogenȱfullyȱoccupiesȱ2dȱandȱ
carbonȱ 1a,ȱ eachȱnitrogenȱ atomȱ isȱ surroundedȱ byȱ threeȱNȱnearestȱneighborsȱ inȱdirectionsȱ
parallelȱtoȱ(001).ȱCarbon,ȱonȱtheȱotherȱhand,ȱisȱsurroundedȱbyȱtwelveȱNȱnearestȱneighbors,ȱ
althoughȱ separatedȱ byȱ aȱ slightlyȱ largerȱ distanceȱ (byȱ aȱ factorȱ ofȱ approximatelyȱ 1.3).ȱ Theȱ
structureȱmayȱthusȱbeȱviewedȱasȱaȱresultȱofȱmaximizingȱtheȱnumberȱofȱrelativelyȱfavorableȱ
CȬNȱinteractions.ȱ
Variationsȱinȱtheȱaxialȱratioȱc/aȱatȱelevatedȱtemperaturesȱcanȱbeȱinterpretedȱinȱtermsȱofȱ
thermalȱ disorder,ȱ althoughȱ magneticȱ interactionsȱ prevailȱ forȱ lowȱ interstitialȱ contentsȱ
(Leineweberȱ etȱ al.,ȱ 2004).ȱ Disorderingȱ leadsȱ toȱ anȱ increasedȱ numberȱ ofȱ edgeȬsharingȱ
contacts.ȱ Bothȱ increasingȱ disorderȱ andȱ increasingȱ interstitialȱ contentȱ thusȱ causeȱ aȱ
preferentialȱexpansionȱofȱtheȱstructureȱparallelȱtoȱ(001)ȱplanes.ȱIncreasingȱinterstitialȱcontentȱ
willȱ thereforeȱ tendȱ toȱdecreaseȱ theȱ ratioȱofȱexpansionȱ coefficientsȱ ΅exp(c)/΅exp(a)ȱasȱ seenȱ inȱ
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Figureȱ5.9.ȱ Increasedȱ ratiosȱareȱobservedȱ forȱhigherȱ carbonȱ contentsȱdueȱ toȱ theȱ relativelyȱ
favorableȱCȬNȱinteractions.ȱ
ȱ
Figureȱ5.9:ȱRatioȱofȱthermalȱexpansionȱcoefficientsȱ΅exp(c)/΅exp(a)ȱforȱΉȬFe2(N1ȬxCx)1Ȭz.ȱ
Labelsȱdenoteȱtheȱfractionȱofȱinterstitialȱcarbonȱatoms,ȱx.ȱȱ
5.5 Conclusionsȱ
Partialȱ substitutionȱ ofȱ nitrogenȱ byȱ carbonȱ inȱ ΉȬironȱ nitrideȱ affectsȱ bothȱ magneticȱ andȱ
structuralȱproperties.ȱTrendsȱinȱmagneticȱpropertiesȱcanȱbeȱexplainedȱbyȱtheȱdonorȱmodelȱinȱ
whichȱnitrogenȱandȱcarbonȱpartiallyȱdonateȱ2pȱelectronȱdensityȱ toȱtheȱ ironȱ3dȱband.ȱCurieȱ
temperatures,ȱmagnetizationȱandȱhyperfineȱfieldsȱareȱincreased,ȱwhileȱisomerȱshiftsȱofȱironȱ
areȱdecreasedȱinȱtheȱcarbonitrides,ȱsinceȱcarbonȱhasȱonlyȱtwoȱ2pȱelectronsȱwhereasȱnitrogenȱ
hasȱthree.ȱ
Theȱ twoȱ componentsȱ identifiedȱ inȱMössbauerȱ spectraȱ correspondingȱ toȱ ironȱ atomsȱ
surroundedȱbyȱ threeȱnitrogenȱorȱcarbonȱatomsȱ (IIIaȱandȱ IIIb)ȱshouldȱbeȱ interpretedȱasȱanȱ
approximationȱ forȱ theȱ distributionȱ inȱ hyperfineȱ fieldsȱ causedȱ byȱ bothȱ theȱ numberȱ andȱ
configurationȱofȱinterstitialȱatomsȱaroundȱneighboringȱironȱatoms.ȱ
TheȱcarbonitridesȱareȱdescribedȱinȱspaceȱgroupȱP3–1mȱasȱopposedȱtoȱP6322ȱforȱtheȱpureȱ
nitrides,ȱevidencedȱbyȱtheȱpresenceȱofȱclassȱ(001)ȱsuperstructureȱreflections.ȱTheȱthresholdsȱ
inȱ bothȱ totalȱ interstitialȱ contentȱ andȱ carbonȱ contentȱ thatȱmustȱ beȱ exceededȱ inȱ orderȱ toȱ
changeȱ theȱ symmetryȱ haveȱ notȱ beenȱ investigated.ȱ Changesȱ inȱ interstitialȱ orderingȱ areȱ
deducedȱ fromȱ theȱ observedȱ effectsȱ onȱ latticeȱ parameters.ȱ Relativelyȱ favorableȱ CȬNȱ
interactionsȱleadȱtoȱadditionalȱorderingȱandȱaȱdecreaseȱinȱtheȱlatticeȱparameterȱcȱwhileȱaȱisȱ
largelyȱunaffected.ȱTheseȱeffectsȱareȱalsoȱapparentȱforȱtheȱanisotropicȱthermalȱexpansion.ȱ
ȱȱ
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Chapterȱ6 ȱ
Expandedȱaustenite:ȱThermalȱexpansion,ȱ
decompositionȱandȱmagnetismȱ
ȱ
ȱ
ȱ
Theȱthermalȱstabilityȱofȱnitrogenȱexpandedȱausteniteȱhasȱpreviouslyȱbeenȱinvestigatedȱwithȱ
thermogravimetryȱandȱdifferentialȱthermalȱanalysis,ȱandȱitȱwasȱdemonstratedȱthatȱunderȱanȱ
inertȱ atmosphereȱ itȱ isȱ associatedȱ withȱ theȱ developmentȱ ofȱ molecularȱ nitrogenȱ gas,ȱ
chromiumȱnitride,ȱferriteȱandȱnitrogenȬdepletedȱausteniteȱ(Christiansenȱ&ȱSomers,ȱ2006b).ȱ
Forȱausteniticȱstainlessȱsteelȱcontainingȱmolybdenumȱ(AISIȱ316L),ȱ itȱwasȱhypothesized,ȱonȱ
theȱbasisȱofȱscarceȱdata,ȱthatȱdecompositionȱoccurredȱbyȱdiscontinuousȱprecipitation,ȱwhileȱ
forȱmolybdenumȬfreeȱstainlessȱsteelȱ(AISIȱ304L),ȱaȱeutectoidȱtransformationȱcontributedȱ toȱ
decomposition.ȱ
Thisȱ chapterȱ presentsȱ resultsȱ onȱ theȱ thermalȱ behaviorȱ ofȱ expandedȱ austeniteȱ
investigatedȱ usingȱ inȱ situȱ synchrotronȱ XRDȱ andȱ Rietveldȱ refinement.ȱ Homogeneousȱ
samplesȱareȱneededȱ inȱorderȱ toȱavoidȱ theȱ influencesȱofȱcompositionȬinducedȱstressesȱandȱ
asymmetricȱ broadeningȱ ofȱ diffractionȱ peaks.ȱ Forȱ thisȱ reason,ȱ austeniticȱ stainlessȱ steelȱ
powderȱwasȱusedȱinȱorderȱtoȱobtainȱaȱhomogeneousȱdistributionȱofȱinterstitialsȱthroughoutȱ
theȱentireȱsample.ȱPowderȱsamplesȱofȱexpandedȱausteniteȱwereȱsynthesizedȱwithȱhighȱandȱ
lowȱnitrogenȱ contents,ȱhighȱandȱ lowȱ carbonȱ contentsȱandȱoneȱ sampleȱ incorporatingȱbothȱ
nitrogenȱandȱcarbon.ȱAdditionalȱsamplesȱofȱnitrogenȱexpandedȱausteniteȱwereȱsynthesizedȱ
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fromȱthinȱfoilsȱofȱausteniticȱstainlessȱsteel.ȱTheȱlastȱsectionȱofȱtheȱchapterȱpresentsȱresultsȱonȱ
theȱmagneticȱpropertiesȱofȱexpandedȱausteniteȱproducedȱfromȱthinȱfoils.ȱ
6.1 Nitrogenȱexpandedȱausteniteȱ
Forȱ theȱ initialȱ investigationȱ ofȱ theȱ compositionȱ dependentȱ thermalȱ expansionȱ andȱ
decomposition,ȱtwoȱpowderȱsamplesȱofȱnitrogenȱexpandedȱaustenite,ȱ·N,ȱwereȱproduced.ȱInȱ
orderȱtoȱdescribeȱtheȱobtainedȱdiffractionȱdata,ȱaȱstructuralȱmodelȱsimilarȱtoȱthatȱdescribedȱ
byȱȱChristiansenȱ&ȱSomersȱ(2004)ȱwasȱused:ȱanȱf.c.c.ȱlatticeȱwithȱstackingȱfaultsȱcontributingȱ
toȱ systematicȱdeviationsȱ ofȱXRDȱpeaksȱ asȱdescribedȱ byȱWarrenȱ (1969).ȱThereȱ areȱ certainȱ
problemsȱwithȱthisȱmodelȱ(seeȱSectionȱ2.2.3ȱandȱChapterȱ7),ȱbutȱnoȱentirelyȱacceptableȱandȱ
implementableȱstructuralȱdescriptionȱexistsȱatȱthisȱpoint.ȱ
6.1.1 Experimentalȱ
Gaseousȱ nitridingȱ ofȱ 5ȱ ΐmȱ AISIȱ 316ȱ gradeȱ stainlessȱ steelȱ powderȱ (Höganäsȱ AB),ȱ withȱ
compositionȱfromȱchemicalȱanalysisȱgivenȱinȱTableȱ6.1,ȱwasȱperformedȱinȱceramicȱcruciblesȱ
inȱaȱNetzschȱSTAȱ449ȱCȱJupiterȱthermalȱanalyzer.ȱAmmonia,ȱnitrogenȱandȱhydrogenȱgassesȱ
ofȱ99.999%ȱpurityȱwereȱapplied.ȱAȱsampleȱwithȱhighȱnitrogenȱcontentȱwasȱsynthesizedȱinȱanȱ
atmosphereȱofȱ95ȱvol.%ȱNH3ȱandȱ5ȱvol.%ȱN2ȱ(correspondingȱtoȱanȱinfiniteȱnitridingȱpotentialȱ
cf.ȱequationȱ2.8)ȱinȱtwoȱtemperatureȱsteps:ȱinitiallyȱatȱ693ȱKȱforȱ4ȱhoursȱfollowedȱbyȱ673ȱKȱ
forȱ25ȱhours.ȱAȱsampleȱwithȱ lowȱnitrogenȱcontentȱwasȱproducedȱbyȱdenitridingȱ theȱhighȬ
nitrogenȱ sampleȱ atȱ 693ȱKȱ forȱ 2ȱhoursȱ inȱ aȱgasȱ consistingȱofȱ 91ȱvol.%ȱH2ȱ andȱ 9ȱvol.%ȱN2ȱ
(correspondingȱ toȱ aȱ nitridingȱ potentialȱ ofȱ zero).ȱ Thermogravimetricȱ curvesȱ areȱ givenȱ inȱ
Figureȱ6.1.ȱ
ȱ
ȱ
Figureȱ 6.1:ȱ Thermogravimetricȱ curvesȱ forȱ a)ȱ expandedȱ austeniteȱ withȱ highȱ nitrogenȱ contentȱ
synthesizedȱwithȱaȱtwoȬstepȱtemperatureȱprogram;ȱ693ȱKȱfollowedȱbyȱ673ȱKȱwithȱinfiniteȱnitridingȱ
potentialȱandȱb)ȱlowȱnitrogenȱcontentȱsynthesizedȱbyȱdenitridingȱtheȱhighȬnitrogenȱsampleȱwithȱaȱ
nitridingȱpotentialȱofȱzero.ȱDenitridingȱwasȱcarriedȱoutȱatȱ693ȱKȱwithȱ theȱ retractionȱofȱnitrogenȱ
occurringȱalreadyȱduringȱheating.ȱ
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Tableȱ6.1:ȱChemicalȱcompositionȱofȱuntreatedȱAISIȱ316ȱpowderȱinȱmass%.ȱ
Feȱ Crȱ Niȱ Moȱ Mnȱ Cȱ Nȱ Sȱ
Balanceȱ 16.2ȱ 13.3ȱ 2.3ȱ <0.2ȱ <0.05ȱ <0.05ȱ <0.005ȱ
ȱ
Theȱ nitrogenȱ contentȱ inȱ theȱ nitridedȱ samplesȱ wasȱ calculatedȱ fromȱ theȱ totalȱ nitrogenȱ
uptake/releaseȱduringȱnitriding/denitriding.ȱInȱorderȱtoȱremoveȱtheȱpassiveȱoxideȱfilmȱpriorȱ
toȱ nitriding,ȱ aȱ proprietaryȱ processȱ forȱ surfaceȱ activationȱ hasȱ beenȱ applied,ȱ forȱ whichȱ
additionalȱdetailsȱcannotȱbeȱdisclosed.ȱUnlessȱotherwiseȱstated,ȱthisȱmethodȱwasȱappliedȱforȱ
allȱ synthesizedȱ samplesȱ ofȱ nitrogenȱ expandedȱ austenite,ȱ andȱ isȱ referredȱ toȱ simplyȱ asȱ
activationȱ(ForȱexceptionsȱseeȱSectionȱ6.4.1ȱandȱAppendixȱB.1).ȱ
6.1.1.1 SynchrotronȱXȬrayȱdiffractionȱ
Diffractogramsȱwereȱ collectedȱatȱaȱwavelengthȱofȱΏȱ=ȱ1.07051(2)ȱÅȱ inȱ transmissionȱmodeȱ
withȱ aȱHuberȱG670ȱGuinierȱ cameraȱ atȱMAXȬlabȱ beamlineȱ I711ȱ (Cereniusȱ etȱal.,ȱ 2000).ȱ Inȱ
orderȱ toȱ reduceȱ theȱ influenceȱ ofȱ fluorescenceȱ radiation,ȱ aluminiumȱ foilsȱwereȱpositionedȱ
betweenȱ theȱ sampleȱ andȱ theȱdetector.ȱ Samplesȱwereȱmountedȱ inȱ 0.7ȱmmȱ innerȱdiameterȱ
quartzȱcapillariesȱfilledȱwithȱanȱinertȱargonȱatmosphereȱtoȱavoidȱoxidationȱandȱheatedȱinȱaȱ
Huberȱ670.3ȱfurnace.ȱTemperatureȱcalibrationȱandȱdeterminationȱofȱtheȱappliedȱwavelengthȱ
wereȱperformedȱusingȱaȱSiȱstandard.ȱTheȱcorrectionȱforȱdiffractionȱangleȱ(2Ό)ȱzeroȱshiftȱwasȱ
determinedȱfromȱtheȱuntreatedȱreferenceȱsample.ȱForȱeachȱsample,ȱ26ȱdiffractogramsȱwereȱ
measuredȱ inȱ theȱ temperatureȱrangeȱ385ȱ–ȱ920ȱK.ȱDataȱwereȱcollectedȱ inȱaȱ2Όȱrangeȱofȱ4ȱ–ȱ
100°ȱ(correspondingȱtoȱaȱqȱrangeȱfromȱ0.4ȱ toȱ9.0ȱÅȬ1),ȱwithȱaȱfixedȱstepȱsizeȱofȱ0.005°ȱ inȱ2Όȱ
andȱ anȱ exposureȱ timeȱ ofȱ 240ȱ secondsȱ atȱ eachȱ temperatureȱ step.ȱ Afterȱ exposure,ȱ theȱ
temperatureȱ wasȱ immediatelyȱ rampedȱ toȱ theȱ nextȱ setȱ point,ȱ andȱ theȱ averageȱ timeȱ forȱ
reachingȱandȱstabilizingȱatȱeachȱsetȱpointȱ temperatureȱpriorȱ toȱexposureȱwasȱ226ȱseconds.ȱ
Rietveldȱ refinementsȱ ofȱ intensityȱversusȱ scatteringȱ angleȱ (2Ό)ȱwereȱ carriedȱ outȱusingȱ theȱ
programȱWINPOW,ȱaȱlocalȱvariationȱofȱLHMPȱ(Howardȱ&ȱHill,ȱ1986),ȱinȱorderȱtoȱfitȱlatticeȱ
parametersȱ andȱmassȱ fractionsȱ ofȱ theȱ constituentȱ phases.ȱ PseudoȬVoigtȱ profileȱ functionsȱ
wereȱ appliedȱ togetherȱwithȱChebyshevȱbackgroundȱpolynomials.ȱ Inȱorderȱ toȱ incorporateȱ
theȱ effectȱ ofȱ stackingȱ faultsȱ onȱ theȱ peakȱ positionsȱ ofȱ expandedȱ austeniteȱ reflections,ȱ theȱ
relationȱ derivedȱ byȱ Warrenȱ (1969)ȱ wasȱ includedȱ inȱ theȱ Rietveldȱ refinements.ȱ Forȱ allȱ
refinementsȱ residualȱ valuesȱ ofȱ Rpȱ ǂȱ 1.29%ȱ andȱ goodnessȬofȬfitȱ valuesȱ Λ2ȱ ǂȱ 1.43ȱ wereȱ
obtained.ȱ
6.1.2 Resultsȱandȱinterpretationȱ
Theȱ morphologyȱ ofȱ theȱ powderȱ isȱ shownȱ onȱ theȱ scanningȱ electronȱ microscopyȱ (SEM)ȱ
micrographȱinȱFigureȱ6.2,ȱwhichȱconfirmsȱaȱmeanȱparticleȱsizeȱofȱ5ȱΐm.ȱXȬrayȱdiffractogramsȱ
(Figureȱ 6.3)ȱ showȱ thatȱ theȱ untreatedȱ powderȱ containsȱ twoȱ phases;ȱ austeniteȱ (·)ȱ andȱ aȱ
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significantȱamountȱofȱaȱferriticȱb.c.c.ȱphaseȱ(΅).ȱTheȱthermodynamicȱequilibriumȱofȱAISIȱ316ȱ
isȱaȱmixtureȱofȱausteniteȱandȱferriteȱ(Kjeldsen,ȱ2013),ȱbutȱchromiumȬrichȱΈȬferriteȱcouldȱalsoȱ
haveȱ formedȱduringȱ solidificationȱ ofȱ theȱpowder.ȱTheȱphaseȱ compositionȱdeterminedȱ byȱ
Rietveldȱrefinementȱ(Figureȱ6.3a)ȱisȱ13.7(1)ȱmass%ȱ΅ȱandȱ86.3(1)ȱmass%ȱ·.ȱInȱorderȱtoȱavoidȱ
sinteringȱofȱtheȱfineȱpowder,ȱitȱwasȱnotȱfullyȱaustenitizedȱbeforeȱnitridingȱandȱtheȱpresenceȱ
ofȱferriteȱthusȱhadȱtoȱbeȱtolerated.ȱ
ȱ
ȱ
Figureȱ6.2:ȱSEMȱsecondaryȱelectronȱimageȱshowingȱtheȱmorphologyȱofȱtheȱAISIȱ316ȱpowder;ȱtheȱ
meanȱparticleȱsizeȱisȱ5ȱmm.ȱ
Theȱ highȬnitrogenȱ sampleȱ wasȱ obtainedȱ byȱ nitridingȱ ofȱ theȱ AISIȱ 316ȱ powderȱ untilȱ aȱ
stationaryȱweightȱgainȱwasȱreached,ȱsuggestingȱanȱimposedȱequilibriumȱbetweenȱnitrogenȱ
inȱtheȱgasȱphaseȱandȱinȱtheȱstainlessȱsteel.ȱAfterȱ29ȱhoursȱtreatmentȱtime,ȱallȱausteniteȱwasȱ
transformedȱandȱtheȱnitridedȱsampleȱconsistedȱmainlyȱofȱexpandedȱausteniteȱ(Figureȱ6.3b).ȱ
Previousȱinvestigationsȱonȱprecipitationȱhardeningȱstainlessȱsteelȱhaveȱshownȱthatȱnitridingȱ
ofȱ b.c.c.ȱ phasesȱ leadsȱ toȱ aȱ tetragonalȱ distortion,ȱ followedȱ byȱ transformationȱ toȱ ·Nȱ forȱ
sufficientlyȱhighȱnitrogenȱactivities,ȱowingȱtoȱtheȱausteniteȬstabilizingȱeffectsȱofȱNȱ(Frandsenȱ
etȱal.,ȱ2006).ȱThisȱeffectȱisȱnotȱimmediatelyȱapparentȱfromȱtheȱpresentȱdataȱsinceȱtheȱferriticȱ
phaseȱ isȱpartiallyȱ retainedȱ inȱ theȱnitridedȱ sample,ȱalthoughȱaȱ slightȱbroadeningȱofȱ ferriteȱ
peaksȱ wasȱ observed.ȱ Anȱ additionalȱ broadȱ peakȱ isȱ presentȱ betweenȱ theȱ 111ȱ andȱ 200ȱ
reflectionsȱofȱexpandedȱausteniteȱ (qȱ=ȱ2.99ȱAȬ1),ȱwhichȱcannotȱbeȱexplainedȱbyȱ theȱ΅ȱorȱ·Nȱ
phases.ȱThisȱpeakȱisȱattributedȱtoȱtheȱpresenceȱofȱtheȱnitrideȱΉȬM2N1Ȭz,ȱwithȱMȱrepresentingȱ
theȱmetallicȱcompositionȱofȱtheȱAISIȱ316ȱmatrix.ȱTheȱnitrideȱisȱbasedȱonȱanȱh.c.p.ȱ latticeȱofȱ
metalȱatomsȱandȱaȱcompositionȱcorrespondingȱtoȱzȱ؄ȱ0.1ȱisȱestimatedȱfromȱcomparisonȱwithȱ
theȱlatticeȱparametersȱreportedȱforȱΉȬFe2N1Ȭzȱ(Somersȱetȱal.,ȱ1997).ȱNoȱhigherȬorderȱreflectionsȱ
fromȱ thisȱ phaseȱ areȱ discernible,ȱ butȱ additionalȱ diffractogramsȱ recordedȱ toȱ verifyȱ theȱ
identityȱ (notȱ shown)ȱ didȱ indicateȱ theȱ presenceȱ ofȱ aȱ 112ȱ peakȱ ofȱ theȱ ΉȬphase.ȱ
ȱ
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Figureȱ 6.3:ȱ XȬrayȱ diffractogram,ȱ refinedȱ Rietveld
profileȱandȱdifferenceȱcurveȱupȱtoȱqȱ=ȱ6.3ȱÅȬ1ȱforȱa)ȱtheȱ
AISIȱ 316ȱ referenceȱ sample,ȱ b)ȱ theȱ highȬnitrogen
sampleȱandȱc)ȱtheȱlowȬnitrogenȱsample.ȱVerticalȱlines
markȱ Braggȱ positions.ȱ Blackȱmarkersȱ inȱ b)ȱ indicate
idealȱunfaultedȱf.c.c.ȱpositions.ȱ
ȱ
Figureȱ 6.4:ȱContourȱplotsȱofȱ recordedȱdiffractionȱprofiles
upȱ toȱ qȱ =ȱ 6.0ȱÅȬ1ȱ versusȱ temperatureȱ forȱ a)ȱ theȱAISIȱ 316ȱ
referenceȱ sample,ȱ b)ȱ theȱhighȬnitrogenȱ sampleȱ andȱ c)ȱ theȱ
lowȬnitrogenȱ sample.ȱ Indexedȱ peaksȱ areȱ (expanded)ȱ
austeniteȱ andȱ theȱ 111ȱ peakȱ ofȱ theȱ ·Tȱ phaseȱ isȱ indicatedȱ
withȱ anȱ arrow.ȱ HigherȬorderȱ reflectionsȱ areȱ faintȱ but
visible.ȱ IntensityȬrescaledȱ insertsȱareȱaddedȱ toȱemphasize
theȱemergingȱ111ȱpeakȱofȱCrNȱandȱtheȱqȱshiftȱofȱtheȱΉȱ111ȱ
peak.ȱȱ
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Initialȱexperimentsȱhadȱshownȱ thatȱ thisȱphaseȱcouldȱ formȱonȱprolongedȱnitridingȱofȱ fullyȱ
austeniticȱfoilȱpiecesȱatȱ693ȱK.ȱItȱisȱlikelyȱthatȱtheȱnucleationȱofȱtheȱΉȬphaseȱisȱpromotedȱbyȱ
theȱlargeȱsurfaceȱareaȱonȱnitridingȱaȱfineȱpowder.ȱ
Twoȱmajorȱdifferencesȱareȱnoticedȱbetweenȱtheȱuntreatedȱandȱnitridedȱsample:ȱFirstly,ȱ
diffractionȱpeaksȱ forȱexpandedȱausteniteȱareȱconsiderablyȱbroadenedȱandȱshiftedȱ towardsȱ
lowerȱ q,ȱandȱ secondly,ȱalthoughȱ theȱ qȱ shiftȱ isȱexpectedȱ fromȱ theȱexpansionȱofȱ theȱ crystalȱ
structure,ȱ peaksȱ doȱ notȱ fitȱ idealȱ f.c.c.ȱ positions.ȱ Theȱ broadeningȱ observedȱ forȱ expandedȱ
austeniteȱisȱusuallyȱ(atȱleast)ȱpartiallyȱexplainedȱbyȱanȱinhomogeneousȱnitrogenȱdistributionȱ
inȱ theȱ nitridedȱ sampleȱ (Christiansenȱ &ȱ Somers,ȱ 2005).ȱ Thisȱ effectȱ should,ȱ however,ȱ beȱ
limitedȱasȱ5ȱΐmȱpowderȱwasȱused,ȱandȱ itȱ isȱnotedȱ thatȱnoȱpronouncedȱ tailingȱofȱ theȱ lineȱ
profilesȱtowardsȱhighȱqȱisȱobserved.ȱThisȱisȱinȱaccordanceȱwithȱlimitedȱinhomogeneitiesȱinȱ
theȱ nitrogenȱ distribution,ȱ i.e.ȱ noȱ concentrationȱ gradients.ȱ Therefore,ȱ broadeningȱ isȱ
interpretedȱasȱaȱconsequenceȱofȱ theȱfaultedȱstructureȱofȱexpandedȱaustenite,ȱwhichȱ isȱalsoȱ
theȱoriginȱofȱtheȱhklȬdependentȱdisplacementȱofȱtheȱdiffractionȱpeaksȱfromȱtheirȱidealȱf.c.c.ȱ
positions.ȱTheȱpeakȱpositionsȱcanȱbeȱdescribedȱbyȱ includingȱtheȱstackingȱfaultȱprobability,ȱ
΅sf,ȱasȱaȱ fitȱparameter.ȱTheȱ systematicȱhklȬdependentȱdeviationsȱofȱXRDȱpeaksȱ fromȱ theirȱ
idealȱ positions,ȱ asȱ describedȱ byȱ Warrenȱ (1969),ȱ wereȱ adoptedȱ forȱ thisȱ purpose.ȱ Theȱ
refinementȱ profileȱ doesȱ notȱ entirelyȱ describeȱ theȱ observedȱ broadeningȱ ofȱ ·Nȱ diffractionȱ
peaks.ȱSinceȱ theseȱpeaksȱareȱpartlyȱoverlappingȱwithȱpeaksȱ fromȱ΅ȱandȱΉȬphases,ȱandȱ theȱ
contributionsȱfromȱscrewȱdislocationsȱandȱpotentialȱmicrostrainȱandȱsizeȱeffectsȱshouldȱalsoȱ
beȱtakenȱintoȱaccount,ȱnoȱfurtherȱfittingȱofȱtheȱbroadeningȱwasȱattempted.ȱ
Theȱ lowȬnitrogenȱ sampleȱwasȱdenitridedȱ inȱanȱH2ȱatmosphere,ȱwhichȱ retractsȱ looselyȱ
boundȱ interstitialȱ nitrogen.ȱ Correspondingly,ȱ inȱ Figureȱ 6.3(c)ȱ theȱ shiftȱ ofȱ theȱ diffractionȱ
peaksȱforȱexpandedȱausteniteȱtoȱlowerȱqȱisȱnotȱasȱpronouncedȱasȱinȱFigureȱ6.3(b).ȱTheȱbroadȱ
peakȱattributedȱ toȱ ΉȬM2N1Ȭzȱ isȱ slightlyȱ shiftedȱ towardsȱhigherȱ q.ȱThisȱ isȱanȱ indicationȱofȱaȱ
broadȱ compositionalȱ rangeȱ consistentȱ withȱ theȱ nitrideȱ structure,ȱ becauseȱ theȱ shiftȱ
correspondsȱtoȱaȱreductionȱinȱnitrogenȱcontent.ȱTheȱferriteȱphaseȱisȱstillȱpresent.ȱ
Theȱinterstitialȱnitrogenȱcontentȱofȱ·Nȱcanȱbeȱestimatedȱfromȱtheȱlatticeȱparameter,ȱa,ȱofȱ
expandedȱ austeniteȱ usingȱ theȱ reportedȱ relationȱ betweenȱ aȱ andȱ theȱ interstitialȱ nitrogenȱ
occupancy,ȱyNȱ(Christiansenȱ&ȱSomers,ȱ2006a).ȱSinceȱdiffractogramsȱwereȱrecordedȱstartingȱ
fromȱ 385ȱK,ȱ itȱ isȱ necessaryȱ toȱ useȱ fittedȱ coefficientsȱ ofȱ thermalȱ expansionȱ toȱ obtainȱ theȱ
valuesȱatȱroomȱ temperature.ȱSeeȱSectionȱ6.1.3ȱ forȱaȱdetailedȱdiscussionȱonȱhowȱ theȱ latticeȱ
parametersȱevolveȱwithȱtemperature.ȱForȱtheȱhighȬnitrogenȱsampleȱthisȱyieldsȱanȱoccupancyȱ
ofȱyNȱ=ȱ0.56,ȱwhereȱyNȱisȱtheȱfractionȱofȱtheȱinterstitialȱsublatticeȱoccupiedȱbyȱnitrogenȱatoms,ȱ
which,ȱforȱf.c.c.,ȱisȱequivalentȱtoȱtheȱnumberȱofȱNȱatomsȱperȱmetalȱatom.ȱThisȱcorrespondsȱ
toȱ aȱ nitrogenȬtoȬchromiumȱ ratioȱ (cf.ȱ Tableȱ 6.1)ȱ ofȱ 3.22,ȱ inȱ excellentȱ agreementȱwithȱ theȱ
previouslyȱreportedȱmaximumȱsolubilityȱinȱAISIȱ316ȱ(Christiansenȱ&ȱSomers,ȱ2006a).ȱ
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Theȱ latticeȱ parameterȱ forȱ theȱ lowȬnitrogenȱ sampleȱ isȱ belowȱ theȱminimumȱ valueȱ inȱ theȱ
reportedȱ relation,ȱ andȱ extrapolationȱ isȱ notȱ feasibleȱ sinceȱ theȱ latticeȱ parameterȱ doesȱ notȱ
linearlyȱ approachȱ thatȱ ofȱ theȱ untreatedȱ steel.ȱAnotherȱ relationȱ existsȱ forȱ lowȱ interstitialȱ
contents,ȱasȱreportedȱforȱcarbonȬexpandedȱausteniteȱ(Hummelshøjȱetȱal.,ȱ2010).ȱUsingȱthisȱasȱ
anȱ approximationȱ yieldsȱ yNȱ =ȱ 0.14,ȱwhichȱ isȱ indeedȱ lowerȱ thanȱ theȱ previouslyȱ reportedȱ
minimumȱ solubility.ȱThisȱ isȱnotȱ surprisingȱ sinceȱ theȱCrȱ contentȱ inȱ theȱpresentlyȱ appliedȱ
steelȱ isȱ lowerȱ thanȱ theȱ oneȱ usedȱ byȱ Christiansenȱ &ȱ Somersȱ ȱ (2006a),ȱ andȱ theȱ retainedȱ
nitrogenȱ isȱ interpretedȱ asȱ trappedȱ byȱ Cr,ȱ whichȱ hasȱ theȱ highestȱ affinityȱ forȱ Nȱ ofȱ theȱ
elementsȱpresentȱinȱtheȱsample.ȱTheȱnitrogenȬtoȬchromiumȱratioȱobtainedȱis,ȱhowever,ȱalsoȱ
lowerȱthanȱanticipated:ȱN:Crȱ=ȱ0.804ȱasȱcomparedȱtoȱtheȱexpectedȱminimumȱN:Crȱ=ȱ0.891.ȱItȱ
appearsȱthatȱtheȱminimumȱobtainableȱsolubilityȱofȱNȱinȱhomogeneousȱsamplesȱofȱexpandedȱ
austeniteȱdependsȱonȱ theȱCrȱcontent,ȱbutȱ isȱnotȱconstrainedȱ toȱaȱfixedȱratio.ȱAlternatively,ȱ
theȱ lowerȱ obtainedȱ ratioȱ mayȱ beȱ explainedȱ byȱ anȱ initialȱ formationȱ ofȱ ΈȬferriteȱ onȱ
solidificationȱofȱ theȱoriginalȱpowder.ȱThisȱ lowersȱ theȱconcentrationȱofȱCrȱ inȱ theȱausteniteȱ
phase,ȱ therebyȱ limitingȱ theȱ nitrogenȱ content,ȱ andȱ leadsȱ toȱ anȱ underestimatedȱ calculatedȱ
nitrogenȬtoȬchromiumȱratio.ȱ
6.1.2.1 Inȱsituȱdiffractionȱ
Recordedȱ diffractionȱ profilesȱ asȱ aȱ functionȱ ofȱ temperatureȱ areȱ givenȱ asȱ contourȱ plotsȱ inȱ
Figureȱ6.4.ȱIndexedȱpeaksȱareȱ thoseȱcorrespondingȱ toȱ(expanded)ȱausteniteȱ(seeȱFigureȱ6.3ȱ
forȱ ΅ȱ andȱ Ήȱ peakȱ positions).ȱ ȱ Forȱ theȱ untreatedȱ sampleȱ (Figureȱ 6.4a),ȱ theȱ ferriteȱ phaseȱ
transformsȱ intoȱ austeniteȱ aboveȱ 820ȱK,ȱ inȱ goodȱ agreementȱwithȱ ThermoȬCalcȱ resultsȱ ofȱ
ferriteȱ andȱ austeniteȱ stabilityȱ inȱ AISIȱ 316ȱ (Kjeldsen,ȱ 2013).ȱ Atȱ theȱ highestȱ investigatedȱ
temperature,ȱ 920ȱ K,ȱ theȱ sampleȱ containsȱ 97.1(5)ȱmass%ȱ austenite.ȱ Asȱ aȱ consequenceȱ ofȱ
thermalȱ expansionȱofȱausteniteȱandȱ ferrite,ȱaȱ slightȱ shiftȱofȱ theȱdiffractionȱpeaksȱ towardsȱ
lowerȱqȱisȱobservedȱwithȱincreasingȱtemperature.ȱ
ForȱtheȱhighȬnitrogenȱsampleȱtheȱonlyȱevidentȱchangeȱupȱtoȱ700ȱKȱisȱthermalȱexpansion.ȱ
Aboveȱ thisȱ temperature,ȱ aȱ deflationȱ ofȱ theȱ latticeȱ parameterȱ ofȱ expandedȱ austenite,ȱ asȱ
manifestedȱ byȱ anȱ increaseȱ inȱ qȱ forȱ ·Nȱ reflections,ȱ isȱ causedȱ byȱ aȱ decreaseȱ inȱ interstitialȱ
content.ȱAboveȱ840ȱK,ȱformationȱofȱanȱausteniteȱphaseȱwithȱlatticeȱparametersȱcomparableȱ
toȱthoseȱofȱtheȱuntreatedȱsampleȱisȱvisible.ȱTheȱreleaseȱofȱnitrogenȱfromȱexpandedȱausteniteȱ
causesȱaȱgradualȱdecreaseȱinȱtheȱlatticeȱparameters,ȱbutȱtheȱtransformationȱofȱ·Nȱtoȱtheȱfinalȱ
austeniteȱ phase,ȱ ·,ȱ isȱ accompaniedȱ byȱ aȱ discontinuity.ȱAȱ transitionalȱ phase,ȱ ·T,ȱwithȱ anȱ
intermediateȱ latticeȱparameterȱwasȱobserved,ȱ indicatedȱbyȱanȱarrowȱ inȱFigureȱ6.4(b).ȱTheȱ
111ȱpeakȱofȱ ΉȬM2N1Ȭzȱ shiftsȱ towardsȱhigherȱqȱ inȱ theȱ sameȱ temperatureȱ rangeȱasȱexpandedȱ
austeniteȱandȱdisappearsȱbeyondȱ900ȱK,ȱ indicatingȱaȱnitrogenȱdepletionȱofȱ theȱΉȬphase,ȱ inȱ
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accordanceȱwithȱtheȱbroadȱcompositionalȱrangeȱofȱthisȱnitride.ȱFormationȱofȱCrNȱfromȱtheȱ
decompositionȱofȱexpandedȱausteniteȱwasȱdetectedȱaboveȱ750ȱK.ȱ
Theȱ firstȱ changeȱ inȱphaseȱ compositionȱ forȱ theȱ lowȬnitrogenȱ sampleȱ isȱ anȱ increaseȱ inȱ
intensityȱofȱtheȱferriteȱpeaksȱaboveȱ750ȱKȱ(Figureȱ6.4c).ȱFollowingȱthis,ȱtheȱdecompositionȱofȱ
expandedȱ austeniteȱ becomesȱ apparentȱ fromȱ theȱ decreasingȱ latticeȱ parameter.ȱNoteȱ that,ȱ
unlikeȱtheȱhighȬnitrogenȱsample,ȱtheȱchangeȱinȱcompositionȱofȱtheȱ·Nȱphaseȱisȱnegligibleȱupȱ
toȱalmostȱ850ȱK.ȱTheȱ111ȱpeakȱofȱ ΉȬM2N1Ȭzȱ shiftsȱ slightlyȱ towardsȱhigherȱ qȱbeyondȱ750ȱKȱ
beforeȱdisappearingȱatȱ840ȱK.ȱTheȱinitialȱformationȱofȱCrNȱtakesȱplaceȱatȱ800ȱKȱandȱ·ȱpeaksȱ
areȱobservedȱatȱ840ȱK.ȱ
6.1.2.2 Phaseȱtransformationsȱ
Phaseȱ transformationȱmapsȱ showingȱ theȱ refinedȱmassȱ fractionsȱ areȱ givenȱ inȱ Figureȱ 6.5.ȱ
Formationȱ ofȱ CrNȱ fromȱ theȱ decompositionȱ ofȱ expandedȱ austeniteȱ startsȱ atȱ 750ȱ Kȱ andȱ
increasesȱupȱtoȱaȱfinalȱmassȱfractionȱofȱ18%ȱatȱ920ȱK.ȱTheȱamountȱofȱΉȬM2N1Ȭzȱremainsȱalmostȱ
constantȱupȱ toȱ900ȱK.ȱTheȱ transitionalȱphase,ȱ·T,ȱconstitutesȱaȱmaximumȱmassȱ fractionȱofȱ
17%ȱatȱ860ȱKȱbeforeȱtheȱamountȱdecreasesȱatȱhigherȱtemperatures.ȱTheȱinitialȱtotalȱnitrogenȱ
contentȱ inȱ theȱ sampleȱ obtainedȱ fromȱ thermogravimetryȱ duringȱ nitridingȱwasȱ 12ȱmass%,ȱ
whileȱtheȱfinalȱmassȱfractionȱofȱCrNȱaccountsȱforȱaȱtotalȱnitrogenȱcontentȱofȱ3.8ȱmass%.ȱAȱ
significantȱ amountȱ ofȱ theȱ dissolvedȱ nitrogenȱ contentȱ hasȱ thusȱ beenȱ releasedȱ asȱ N2,ȱ inȱ
accordanceȱwithȱpreviouslyȱreportedȱobservationsȱonȱannealingȱexpandedȱausteniteȱ inȱanȱ
inertȱ(N2)ȱatmosphereȱ(Christiansenȱ&ȱSomers,ȱ2006b).ȱ
ȱ
ȱ
Figureȱ 6.5:ȱ Phaseȱ transformationȱmapȱ forȱ a)ȱ theȱhighȬnitrogenȱ sampleȱ andȱ b)ȱ theȱ lowȬnitrogenȱ
sample.ȱEstimatedȱstandardȱdeviationsȱfromȱrefinementsȱareȱǂȱ1.8ȱmass%.ȱ
Theȱ firstȱchangeȱ inȱphaseȱcompositionȱ forȱ theȱ lowȬnitrogenȱsampleȱ (Figureȱ6.5b)ȱoccursȱatȱ
750ȱK,ȱwhereȱ theȱ amountȱ ofȱ ferriteȱ increasesȱ atȱ theȱ costȱ ofȱ expandedȱ austenite.ȱ Thisȱ isȱ
interpretedȱasȱtheȱfirstȱindicationȱofȱtheȱdecompositionȱofȱexpandedȱausteniteȱandȱisȱdirectlyȱ
followedȱ byȱdevelopmentȱ ofȱCrN.ȱTheȱdecreaseȱ ofȱ theȱ latticeȱparametersȱ ofȱ ·Nȱ atȱ 840ȱKȱ
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coincidesȱwithȱdecompositionȱofȱtheȱΉȬphaseȱandȱtheȱformationȱofȱanȱausteniteȱphaseȱwithȱ
latticeȱparameterȱcomparableȱtoȱthatȱofȱtheȱuntreatedȱsample.ȱTheȱformationȱofȱferriteȱfromȱ
decompositionȱofȱ·Nȱatȱtemperaturesȱbelowȱ900ȱKȱisȱinȱagreementȱwithȱThermoȬCalcȱresultsȱ
ofȱ ferriteȱ andȱ austeniteȱ stabilityȱ inȱAISIȱ 316ȱ containingȱnitrogenȱ (Christiansenȱ&ȱ Somers,ȱ
2006b).ȱ Aboveȱ 900ȱ K,ȱ ferriteȱ isȱ transformedȱ intoȱ austeniteȱ andȱ theȱ finalȱ decompositionȱ
productsȱforȱbothȱsamplesȱareȱausteniteȱandȱCrN,ȱinȱgoodȱagreementȱwithȱtheȱThermoȬCalcȱ
calculations.ȱFerriteȱformationȱwasȱnotȱobservedȱinȱtheȱhighȬnitrogenȱsample,ȱmostȱlikelyȱasȱ
aȱconsequenceȱofȱtheȱabundantȱpresenceȱofȱausteniteȬstabilizingȱN.ȱ
6.1.3 Discussionȱ
Theȱ latticeȱ parametersȱ obtainedȱ withȱ Rietveldȱ refinementȱ forȱ theȱ (expanded)ȱ austeniteȱ
phasesȱinȱallȱsamplesȱasȱaȱfunctionȱofȱtemperatureȱareȱpresentedȱinȱFigureȱ6.6.ȱTheȱlatticeȱofȱ
austeniteȱ inȱ theȱ referenceȱ sampleȱ expandsȱ monotonicallyȱ inȱ theȱ entireȱ investigatedȱ
temperatureȱrange.ȱForȱexpandedȱaustenite,ȱtheȱlatticeȱparametersȱstartȱtoȱdecreaseȱaboveȱaȱ
certainȱ temperature.ȱ Theȱ relativelyȱ lowȱ temperatureȱwhereȱ thisȱ isȱ observedȱ inȱ theȱ highȬ
nitrogenȱ sampleȱ isȱ ascribedȱ toȱ N2ȱ formation.ȱ Theȱ releaseȱ ofȱ nitrogenȱ fromȱ expandedȱ
austeniteȱ asȱN2ȱhasȱ beenȱdemonstratedȱ beforeȱ (Christiansenȱ&ȱ Somers,ȱ 2006b)ȱ andȱ isȱ anȱ
immediateȱconsequenceȱofȱthermodynamicallyȱstableȱN2ȱcomparedȱwithȱNȱinȱsolidȱsolutionȱ
(Grabke,ȱ1968b).ȱForȱhighȱnitrogenȱcontent,ȱ theȱdrivingȱ forceȱ forȱN2ȱreleaseȱ isȱhigherȱ thanȱ
forȱ lowȱnitrogenȱcontent.ȱForȱ theȱ lowȬnitrogenȱsample,ȱ theȱdecreasingȱ latticeȱparameterȱ isȱ
causedȱonlyȱbyȱCrNȱformation.ȱTheȱfinalȱmassȱfractionȱofȱCrNȱaccountsȱforȱaȱtotalȱnitrogenȱ
contentȱofȱ3.5ȱmass%,ȱwhichȱisȱtheȱamountȱthatȱwasȱretainedȱafterȱdenitriding.ȱNoteȱthatȱtheȱ
observedȱstabilityȱrangeȱupȱtoȱaboutȱ800ȱKȱforȱtheȱlowȬnitrogenȱsampleȱisȱonlyȱvalidȱforȱtheȱ
thermalȱhistoryȱofȱtheȱsample,ȱi.e.ȱapproximatelyȱeightȱminutesȱinȱbetweenȱmeasurements,ȱ
andȱ doesȱ notȱ representȱ completedȱ transformationȱ atȱ theȱ variousȱ temperatures.ȱ Forȱ
prolongedȱ(isothermal)ȱannealing,ȱdecompositionȱofȱnitrogenȬexpandedȱausteniteȱhasȱbeenȱ
reportedȱforȱtemperaturesȱasȱlowȱasȱ600ȱKȱ(Liȱetȱal.,ȱ1999;ȱÖztürkȱ&ȱWilliamson,ȱ2002;ȱGarcíaȱ
Mollejaȱetȱal.,ȱ2013).ȱ
Theȱobservationȱofȱaȱtransitionalȱf.c.c.ȱphaseȱwithȱaȱvalueȱofȱaȱ؄ȱ3.8ȱÅȱinȱtheȱrangeȱ770ȱ–ȱ
860ȱKȱhasȱnotȱbeenȱreportedȱbeforeȱonȱtheȱbasisȱofȱXȬrayȱdiffraction.ȱTheȱlatticeȱparameterȱ
valueȱ coincidesȱwithȱ thatȱ ofȱ theȱ orderedȱ ironȬbasedȱ nitrideȱ ·’ȬFe4Nȱwithȱ stoichiometricȱ
compositionȱ(Somersȱetȱal.,ȱ1989b),ȱwhichȱmatchesȱtheȱdependenceȱofȱtheȱlatticeȱparameterȱ
ofȱexpandedȱausteniteȱonȱnitrogenȱcontentȱ(Christiansenȱ&ȱSomers,ȱ2006b).ȱTheȱpresenceȱofȱ
aȱ·’ȬFe4Nȱtypeȱstructureȱhasȱbeenȱreportedȱonȱtheȱbasisȱofȱtransmissionȱelectronȱmicroscopyȱ
observationsȱofȱ superlatticeȱ reflections,ȱbutȱwithȱ aȱ reportedȱ latticeȱparameterȱ largerȱ thanȱ
thatȱofȱ·’ȬFe4Nȱ(Xuȱetȱal.,ȱ2000;ȱXiaoleiȱetȱal.,ȱ2005;ȱStrózȱ&ȱPsoda,ȱ2010).ȱTheȱpresentȱresultȱ
suggestsȱ thatȱ theȱ compositionȱ M4Nȱ withȱ yNȱ =ȱ 0.25ȱ canȱ indeedȱ occurȱ andȱ mayȱ beȱ
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thermodynamicallyȱ favoredȱ overȱ expandedȱ austeniteȱwithȱ shortȱ rangeȱ orderȱ ofȱ nitrogenȱ
atoms.ȱ
Initially,ȱ expandedȱ austeniteȱ inȱ theȱ highȬnitrogenȱ sampleȱ hasȱ aȱ significantlyȱ largerȱ
latticeȱ parameterȱ thanȱ thatȱ ofȱ theȱ lowȬnitrogenȱ sample.ȱ Forȱ bothȱ samples,ȱ theȱ latticeȱ
parameterȱ ofȱ theȱ developedȱ ·ȱ phaseȱ approachesȱ thatȱ ofȱ theȱ referenceȱ sampleȱ afterȱ
decomposition,ȱ implyingȱ thatȱ theȱausteniteȱpresentȱ inȱ theȱ samplesȱatȱ900ȱKȱ isȱ essentiallyȱ
freeȱofȱnitrogenȱinȱsolidȱsolution.ȱ
ȱ
Figureȱ6.6:ȱLatticeȱparametersȱforȱ(expanded)ȱausteniteȱphasesȱinȱallȱsamples.ȱEstimatedȱstandardȱ
deviationsȱ areȱ ǂȱ 10Ȭ3ȱÅ.ȱ Theȱ symbolsȱ inȱ theȱ legendȱ areȱ groupedȱ byȱ sampleȱ designation.ȱ Linesȱ
correspondȱtoȱfittedȱexpressionsȱforȱthermalȱexpansionȱ(equationȱ4.1).ȱTheȱstartȱofȱN2ȱformationȱisȱ
markedȱbyȱanȱarrow.ȱ
Slightlyȱ lowerȱ latticeȱ parameterȱ valuesȱ wereȱ obtainedȱ forȱ theȱ lowȬnitrogenȱ sample,ȱ asȱ
comparedȱ toȱ theȱhighȬnitrogenȱsample.ȱAȱslightȱreductionȱ inȱ latticeȱparameterȱ isȱexpectedȱ
becauseȱofȱchromiumȱdepletionȱofȱtheȱausteniticȱmatrixȱ(Babuȱetȱal.,ȱ2005)ȱȱdueȱtoȱformationȱ
ofȱCrN.ȱItȱisȱnotedȱthatȱtheȱtransitionȱfromȱexpandedȱausteniteȱtoȱnitrogenȬfreeȱausteniteȱisȱ
notȱ associatedȱwithȱ aȱ gradualȱ continuousȱ decreaseȱ ofȱ theȱ latticeȱ parameterȱ (orȱ nitrogenȱ
content),ȱbutȱthatȱaȱtemperatureȱrangeȱexistsȱwhereȱbothȱhighȬȱandȱlowȬnitrogenȬcontainingȱ
austeniteȱareȱpresentȱinȱtheȱsameȱsample.ȱThisȱobservationȱcanȱbeȱrelatedȱtoȱtheȱmechanismȱ
ofȱ theȱ transformation,ȱwhichȱ isȱconsistentȱwithȱdiscontinuousȱprecipitation,ȱasȱpreviouslyȱ
demonstratedȱ(Christiansenȱ&ȱSomers,ȱ2006b).ȱForȱtheȱlowȬnitrogenȱcontainingȱsample,ȱtheȱ
decompositionȱ atȱ aȱ lowerȱ temperatureȱ showedȱ theȱ developmentȱ ofȱ ferriteȱ (presumably)ȱ
duringȱaȱeutectoidȱtransformation.ȱFerriteȱformationȱisȱobservedȱbeforeȱCrN,ȱwhichȱmayȱbeȱ
explainedȱ byȱ coherentȱ diffractionȱ ofȱ smallȱ CrNȱ particlesȱ withȱ ferrite.ȱ NitrogenȬleanȱ
austeniteȱdevelopedȱatȱaȱhigherȱ temperature.ȱApparently,ȱatȱ temperaturesȱwellȱbelowȱ theȱ
stabilizationȱ temperatureȱ forȱ austenite,ȱ ferriteȱ canȱ develop,ȱmostȱ likelyȱ promotedȱ byȱ aȱ
favorableȱBaker–Nuttingȱ orientationȱ relationshipȱ betweenȱCrNȱ andȱ ferriteȱ (Somersȱ etȱal.,ȱ
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1989a).ȱEvidently,ȱatȱhigherȱtemperatures,ȱaȱfavorableȱ interfacialȱenergyȱbetweenȱCrNȱandȱ
theȱmatrixȱisȱinsufficientȱtoȱpromoteȱferriteȱformation,ȱandȱausteniteȱdevelopsȱinstead.ȱItȱisȱ
hypothesizedȱthatȱtheȱtransformationȱofȱΉȬM2N1Ȭzȱtoȱferriteȱis,ȱinȱprinciple,ȱalsoȱpossible.ȱAtȱ
highȱpressures,ȱb.c.c.ȱironȱtransformsȱintoȱh.c.p.ȱΉȬFeȱ(Bundy,ȱ1965).ȱTheȱpresenceȱofȱaȱhighȱ
amountȱofȱnitrogenȱinȱtheȱmetallicȱlattice,ȱandȱtheȱformationȱofȱΉȬM2N1Ȭz,ȱcouldȱbeȱconceivedȱ
asȱ consequenceȱ ofȱ aȱ ‘highȱ internalȱ pressure’ȱ associatedȱ withȱ nitrogenȱ dissolution.ȱ Theȱ
removalȱ ofȱ interstitialȱ nitrogenȱ (‘internalȱ pressure’)ȱ fromȱ ΉȬM2N1Ȭzȱ mightȱ induceȱ theȱ
formationȱofȱferrite.ȱ
6.1.3.1 Coefficientsȱofȱthermalȱexpansionȱ
Theȱcommonlyȱusedȱmeanȱ(linear)ȱthermalȱexpansionȱcoefficient,ȱ΅exp,ȱwasȱfittedȱtoȱequationȱ
(4.1).ȱTheȱvolumetricȱ coefficientȱofȱ thermalȱ expansionȱwasȱ foundȱbyȱ replacingȱ theȱ latticeȱ
parameterȱwithȱ theȱvolumeȱ ofȱ theȱunitȱ cellȱ inȱ theȱ expressionȱ (forȱ isotropicȱmaterialsȱ theȱ
volumetricȱ thermalȱ expansionȱ coefficientȱ isȱ threeȱ timesȱ theȱ linearȱ coefficient).ȱNoteȱ that,ȱ
althoughȱexpansionȱinȱtheȱinvestigatedȱrangeȱisȱapproximatelyȱlinear,ȱexpansionȱcoefficientsȱ
areȱ not,ȱ inȱ general,ȱ independentȱ ofȱ temperature.ȱ Theȱ numberȱ ofȱ dataȱ pointsȱ inȱ theȱ
investigatedȱ rangeȱdidȱnotȱ allowȱ statisticallyȱ reliableȱ fitsȱ ofȱ theȱ temperatureȱdependenceȱ
(seeȱAppendixȱA.1).ȱ Theȱ resultingȱ fitsȱ ofȱ equationȱ (4.1)ȱ areȱ shownȱ inȱ Figureȱ 6.6ȱ andȱ allȱ
valuesȱobtainedȱareȱpresentedȱinȱTableȱ6.2.ȱȱ
ȱ
Tableȱ 6.2:ȱFittedȱ coefficientsȱofȱvolumetricȱ (V)ȱandȱ linearȱ (a)ȱ
thermalȱexpansionȱforȱ(expanded)ȱausteniteȱphasesȱasȱdefinedȱ
byȱequationȱ(4.1).ȱTheȱvalueȱforȱ·’ȬFe4Nȱ(Somersȱetȱal.,ȱ1989b)
isȱ includedȱ forȱ comparison,ȱ theȱ volumetricȱ coefficientȱ calcuȬ
latedȱasȱtheȱreportedȱlinearȱcoefficientȱmultipliedȱbyȱthree.ȱ
Phaseȱ ȱTȱrangeȱ[K]ȱ ȱ΅expȱ[×10Ȭ5ȱKȬ1]ȱ
·Nȱ(high)ȱ 385ȱ–ȱ657ȱ Vȱ 4.32ȱ (5)ȱ
ȱ ȱ aȱ 1.43ȱ (2)ȱ
·Nȱ(low)ȱ 385ȱ–ȱ787ȱ Vȱ 5.71ȱ (2)ȱ
ȱ ȱ aȱ 1.891ȱ(8)ȱ
·ȱ(reference)ȱ 385ȱ–ȱ920ȱ Vȱ 5.60ȱ (2)ȱ
ȱ ȱ aȱ 1.851ȱ(7)ȱ
·ȇȬFe4Nȱ 293ȱ–ȱ773ȱ Vȱ 2.28ȱ (24)ȱ
ȱ ȱ aȱ 0.76ȱ (8)ȱ
ȱ
Theȱsampleȱwithȱlowȱnitrogenȱcontentȱexhibitsȱlargerȱthermalȱexpansionȱthanȱtheȱuntreatedȱ
referenceȱmaterial,ȱ whileȱ theȱ sampleȱ withȱ theȱ highȱ nitrogenȱ contentȱ hasȱ anȱ expansionȱ
coefficientȱ significantlyȱ lowerȱ thanȱ thatȱ ofȱ theȱ otherȱ samples.ȱ Thisȱ isȱ explainedȱ byȱ theȱ
underlyingȱ causeȱ ofȱ theȱ expansion,ȱ i.e.ȱ thermalȱ vibrationsȱ ofȱ composingȱ atoms.ȱ Theȱ
additionalȱ vibrationsȱ ofȱ theȱ interstitialȱ nitrogenȱ atomsȱ causeȱ anȱ addedȱ separationȱ ofȱ theȱ
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metalȱ atomsȱwithȱ increasingȱ thermalȱ energy.ȱTheȱ additionalȱ nitrogenȱ vibrationsȱ areȱ lessȱ
significantȱ forȱ higherȱ interstitialȱ contentȱwhereȱ theȱ averageȱ distanceȱ betweenȱ theȱmetalȱ
atomsȱ isȱ larger.ȱ Inȱ fact,ȱ theȱ highȬnitrogenȱ sampleȱ exhibitsȱ theȱ lowestȱ thermalȱ expansionȱ
owingȱ toȱ theȱ largeȱ intermetallicȱdistances,ȱbutȱ theȱvalueȱ isȱstillȱalmostȱ twiceȱ thatȱreportedȱ
forȱ·’ȬFe4Nȱ(Somersȱetȱal.,ȱ1989b).ȱNoȱexpansionȱcoefficientȱcouldȱbeȱdeterminedȱforȱtheȱM4Nȱ
phaseȱthatȱdevelopsȱbeyondȱ770ȱK.ȱForȱreference,ȱtheȱlinearȱexpansionȱcoefficientȱobtainedȱ
forȱtheȱferriteȱphaseȱisȱ1.131ȱ(5)ȱ×ȱ10Ȭ5ȱKȬ1.ȱ
Itȱisȱnotedȱthatȱtheȱobservationȱofȱaȱdependenceȱofȱtheȱthermalȱexpansionȱcoefficientȱonȱ
theȱnitrogenȱ contentȱhasȱ implicationsȱ forȱ theȱdevelopmentȱofȱ residualȱ stressȱ inȱexpandedȱ
austeniteȱzonesȱdevelopingȱonȱstainlessȱsteel.ȱResidualȱ stressesȱ inȱexpandedȱausteniteȱareȱ
highlyȱ compressiveȱ andȱ generallyȱ largelyȱ compositionȱ inducedȱ (Christiansenȱ&ȱ Somers,ȱ
2009).ȱAȱvariationȱinȱthermalȱexpansionȱcoefficientȱoverȱtheȱthicknessȱofȱtheȱ·Nȱzoneȱimpliesȱ
thatȱ duringȱ cooling,ȱ anȱ additionalȱ thermallyȱ inducedȱ stressȱ profileȱ develops,ȱ suchȱ thatȱ
thermalȱ stressȱ isȱ largestȱ forȱ theȱ highestȱ nitrogenȱ content.ȱ Theȱ presentlyȱ establishedȱ
differenceȱinȱthermalȱexpansionȱcoefficientȱforȱhighȬȱandȱlowȬnitrogenȬcontainingȱexpandedȱ
austeniteȱ correspondsȱ toȱ anȱ additionalȱ compressiveȱ stressȱ ofȱ approximatelyȱ 500ȱMPaȱ inȱ
highȬnitrogenȱ expandedȱ austenite.ȱ Thisȱ calculationȱ assumesȱ thatȱ valuesȱ ofȱ Young’sȱ
modulusȱ andȱ Poisson’sȱ ratioȱ forȱAISIȱ 316ȱ austeniticȱ stainlessȱ steelȱ (Ledbetter,ȱ 1981)ȱ areȱ
comparableȱ toȱ thoseȱ ofȱ expandedȱ austenite.ȱ Theseȱ valuesȱ may,ȱ however,ȱ changeȱ withȱ
interstitialȱcontentȱ(Tromasȱetȱal.,ȱ2012;ȱBalijepalliȱetȱal.,ȱ2013).ȱ
6.1.3.2 Stackingȱfaultȱprobabilityȱ
Warren’sȱmodelȱforȱdescribingȱtheȱeffectȱofȱstackingȱfaultsȱonȱXȬrayȱdiffractionȱprofilesȱcanȱ
readilyȱ beȱ implementedȱ inȱ theȱRietveldȱ refinements,ȱ inȱ orderȱ toȱ describeȱ theȱ systematicȱ
deviationsȱ inȱ theȱpositionsȱofȱdiffractionȱpeaksȱ forȱ expandedȱ austeniteȱ (Figureȱ 6.3b).ȱTheȱ
inadequaciesȱ ofȱ theȱmodelȱ shouldȱ notȱ beȱ ignored,ȱ butȱ evenȱ aȱ rigorousȱ treatmentȱ ofȱ theȱ
effectsȱofȱstackingȱfaultsȱisȱinsufficientȱtoȱcompletelyȱdescribeȱtheȱstructure,ȱe.g.ȱtheȱdifferentȱ
metallicȱenvironmentsȱobservedȱwithȱEXAFSȱ(Oddershedeȱetȱal.,ȱ2008b,ȱ2010).ȱTheȱstackingȱ
faultȱprobabilityȱobtainedȱwithȱRietveldȱrefinementȱofȱeachȱofȱtheȱXȬrayȱdiffractogramsȱforȱ
theȱhighȬnitrogenȱsampleȱ isȱshownȱ inȱFigureȱ6.7ȱandȱremainsȱapproximatelyȱunalteredȱforȱ
temperaturesȱupȱtoȱ680ȱK.ȱTheȱpresentlyȱobtainedȱvaluesȱforȱtheȱstackingȱfaultȱprobabilityȱ
(΅sf ؄ȱ0.03)ȱareȱ inȱaccordanceȱwithȱ thoseȱpreviouslyȱobtainedȱ forȱhomogeneousȱexpandedȱ
austeniteȱ samplesȱ (Christiansenȱ&ȱ Somers,ȱ 2004).ȱAȱ suddenȱdeclineȱ ofȱ theȱ stackingȱ faultȱ
probabilityȱwasȱobservedȱaboveȱ680ȱK,ȱresultingȱinȱnoȱobservableȱinducedȱpeakȱshiftȱaboveȱ
750ȱK,ȱwhereȱCrNȱdevelopmentȱwasȱfirstȱnoticeable.ȱ
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Figureȱ6.7:ȱRefinedȱstackingȱ faultȱprobabilityȱ forȱexpandedȱausteniteȱversusȱ temperatureȱ forȱ theȱ
highȬnitrogenȱsample.ȱForȱtheȱlowȬnitrogenȱsampleȱtheȱstackingȱfaultȱprobabilityȱisȱzero.ȱ
Severalȱhypothesesȱ canȱ beȱputȱ forwardȱ toȱ explainȱ theȱ observedȱdecreaseȱ ofȱ theȱ stackingȱ
faultȱ probability.ȱ Firstly,ȱ aȱ decreaseȱ ofȱ theȱ nitrogenȱ contentȱ inȱ solidȱ solutionȱ byȱ N2ȱ
formationȱcouldȱinduceȱaȱreductionȱofȱtheȱstackingȱfaultȱdensity.ȱSecondly,ȱtheȱsegregationȱ
ofȱNȱ atomsȱ (orȱ CrNȱ development)ȱ ontoȱ stackingȱ faults,ȱ leadingȱ toȱ clusters,ȱ causesȱ theȱ
stackingȱ faultsȱ toȱ loseȱ theirȱ identity.ȱ Forȱ theȱ twoȱ investigatedȱ samplesȱ itȱ seemsȱ thatȱ theȱ
stackingȱ faultȱprobabilityȱ isȱrelatedȱ toȱ theȱnitrogenȱcontentȱ inȱsolidȱsolution.ȱTheȱstackingȱ
faultȱprobabilityȱdecreasesȱwithȱdecreasingȱinterstitialȱcontentȱforȱtheȱhighȬnitrogenȱsample.ȱ
ForȱtheȱlowȬnitrogenȱsample,ȱwithȱsubstantiallyȱlowerȱinterstitialȱcontent,ȱnoȱstackingȬfaultȬ
inducedȱpeakȱshiftsȱwereȱobservedȱ inȱ theȱdiffractograms.ȱTheȱstackingȱ faultȱprobabilityȱ isȱ
thusȱnegligibleȱforȱveryȱlowȱnitrogenȱcontents.ȱ
ȱ
ȱ
ȱ
ȱ
ȱ
ȱ
ȱ
ȱ
ȱ
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6.2 Transitionalȱphaseȱandȱintermediateȱnitrogenȱcontentȱ
Thereȱareȱtwoȱpossibleȱinterpretationsȱonȱtheȱnatureȱofȱtheȱobservedȱtransitionalȱphase,ȱ·T,ȱ
onȱ thermalȱdecompositionȱofȱnitrogenȱexpandedȱaustenite.ȱOneȱ isȱchromiumȱdepletionȱofȱ
theȱ stainlessȱ steelȱmatrixȱdueȱ toȱ precipitationȱ ofȱCrN.ȱThisȱ causesȱ ironȱ (andȱ nickel)ȱ richȱ
regions,ȱ whichȱ resultsȱ inȱ theȱ formationȱ ofȱ (Fe,Ni)4N,ȱ analogousȱ toȱ ·’ȬFe4N.ȱ Sinceȱ theȱ
compositionalȱ rangeȱ ofȱ expandedȱ austeniteȱ includesȱ theȱ occupationȱ ofȱ oneȱ quarterȱ ofȱ
octahedralȱ sites,ȱ anotherȱ possibilityȱ isȱ thatȱ theȱ compositionȱ M4Nȱ (Mȱ =ȱ Fe,ȱ Cr,ȱ Ni)ȱ isȱ
particularlyȱ stable.ȱ Ifȱ thatȱ isȱ theȱ case,ȱ formationȱ ofȱ theȱ transitionalȱ phaseȱ doesȱ notȱ
necessarilyȱ involveȱ precipitationȱ ofȱ CrNȱ andȱ forȱ aȱ compositionȱ yNȱ =ȱ 0.25,ȱ expandedȱ
austeniteȱshouldȱbeȱstableȱatȱhigherȱ temperaturesȱcomparedȱ toȱ fullyȱnitridedȱsamples.ȱToȱ
elucidateȱ onȱ thisȱ subjectȱ twoȱ additionalȱ samplesȱ ofȱ nitrogenȱ expandedȱ austeniteȱ wereȱ
producedȱfromȱthinȱstainlessȱsteelȱfoils.ȱTheȱfoilsȱwereȱfullyȱaustenitizedȱinȱorderȱtoȱavoidȱ
theȱpresenceȱofȱferriteȱorȱmartensite.ȱ
6.2.1 Experimentalȱ
ThinȱfoilsȱofȱAISIȱ316ȱstainlessȱsteelȱofȱnominalȱcompositionȱ(byȱmass)ȱ18%ȱCr,ȱ10%ȱNiȱandȱ
3%ȱMoȱ(GoodfellowȱCambridgeȱLtd.)ȱwithȱthicknessȱ12.5ȱΐmȱwereȱusedȱforȱnitriding.ȱPriorȱ
toȱ treatment,ȱ recrystallizationȱ andȱ austenitizationȱwasȱ achievedȱ byȱ heatingȱ toȱ 1323ȱKȱ inȱ
pureȱH2ȱfollowedȱbyȱimmediateȱcoolingȱtoȱroomȱtemperature.ȱGaseousȱnitridingȱofȱtheȱfoilȱ
piecesȱwasȱperformedȱinȱaȱLACȱPKRC55/09ȱfurnaceȱretrofittedȱforȱnitridingȱwithȱammoniaȱ
andȱhydrogenȱgassesȱofȱ99.999%ȱpurity.ȱ
Aȱ fullyȱnitridedȱsampleȱwasȱsynthesizedȱ inȱanȱatmosphereȱofȱ100ȱvol.%ȱNH3ȱ (infiniteȱ
nitridingȱpotential)ȱatȱ693ȱKȱforȱ48ȱhoursȱwithȱaȱNH3ȱflowȱrateȱofȱ1ȱL/min.ȱAȱsampleȱwithȱ
intermediateȱnitrogenȱcontentȱwasȱproducedȱfromȱtheȱfullyȱnitridedȱsampleȱbyȱdenitridingȱ
atȱ693ȱKȱforȱ6ȱhoursȱinȱaȱgasȱconsistingȱofȱ80ȱvol.%ȱH2ȱandȱ20ȱvol.%ȱNH3ȱwithȱaȱtotalȱflowȱofȱ
2.5ȱL/min.ȱThisȱgasȱcompositionȱcorrespondsȱtoȱaȱnitridingȱpotential,ȱKNȱ=ȱ0.280ȱatmȬ1/2.ȱTheȱ
nitridedȱ foilsȱwereȱpowderedȱwithȱultraȬsoundȱwhileȱ submergedȱ inȱethanolȱandȱdriedȱ inȱ
air.ȱ Asȱ internalȱ standard,ȱWȱ powderȱ (99.95%ȱ purity,ȱ Goodfellowȱ Cambridgeȱ Ltd.)ȱwasȱ
added.ȱ
DetailsȱforȱinȱsituȱsynchrotronȱXȬrayȱdiffractionȱandȱRietveldȱrefinementsȱcorrespondȱtoȱ
thoseȱ givenȱ inȱ Sectionȱ 6.1.1,ȱ unlessȱ otherwiseȱ stated.ȱ Temperatureȱ calibrationȱ andȱ
determinationȱ ofȱ theȱ appliedȱwavelengthȱ (Ώȱ =ȱ 0.99471(2)ȱ Å)ȱwereȱ performedȱ usingȱ theȱ
internalȱWȱstandard.ȱ
Theȱ fullyȱ nitridedȱ sampleȱ wasȱ immediatelyȱ heatedȱ toȱ 921ȱ Kȱ andȱ keptȱ atȱ thisȱ
temperature.ȱ Forȱ theȱ sampleȱ ofȱ intermediateȱ nitrogenȱ content,ȱ 28ȱ diffractogramsȱ wereȱ
measuredȱ inȱ theȱ temperatureȱrangeȱ341ȱ–ȱ890ȱK.ȱDataȱwereȱcollectedȱ inȱaȱ2Όȱrangeȱofȱ4ȱ–ȱ
100°ȱ(correspondingȱtoȱaȱqȱrangeȱfromȱ0.4ȱtoȱ9.7ȱAȬ1)ȱwithȱaȱfixedȱstepȱsizeȱofȱ0.005°ȱinȱ2Όȱandȱ
6.2ȱTransitionalȱphaseȱandȱintermediateȱnitrogenȱcontentȱ 63
ȱ
anȱexposureȱtimeȱofȱ240ȱsecondsȱatȱeachȱtemperatureȱstep.ȱAfterȱexposure,ȱtheȱtemperatureȱ
wasȱ immediatelyȱ rampedȱ toȱ theȱ nextȱ setȱ point,ȱ andȱ theȱ averageȱ timeȱ forȱ reachingȱ andȱ
stabilizingȱatȱeachȱsetȱpointȱtemperature,ȱpriorȱtoȱexposure,ȱwasȱ233ȱseconds.ȱȱ
Dueȱtoȱtheȱpresenceȱofȱadditionalȱpeaksȱfromȱtheȱfurnaceȱsetupȱ(notȱfromȱtheȱsample),ȱ
someȱregionsȱwereȱexcludedȱ inȱ theȱRietveldȱrefinementsȱ(seeȱFigureȱ6.9a).ȱForȱallȱRietveldȱ
refinements,ȱ residualȱ valuesȱ ofȱ Rpȱ ǂȱ 1.11%ȱ andȱ goodnessȬofȬfitȱ valuesȱ Λ2ȱ ǂȱ 2.37ȱ wereȱ
obtained.ȱ
6.2.2 Isothermalȱannealingȱ
Theȱnitrogenȱ contentȱofȱ theȱ fullyȱnitridedȱ sampleȱ correspondsȱ toȱ yNȱ =ȱ 0.42,ȱasȱ calculatedȱ
fromȱtheȱlatticeȱparameterȱ(Christiansenȱ&ȱSomers,ȱ2006a).ȱThisȱcontentȱisȱbelowȱthatȱofȱtheȱ
highȬnitrogenȱsampleȱsynthesizedȱ fromȱpowder,ȱ indicatingȱ thatȱ theȱhighȱavailableȱsurfaceȱ
areaȱ ofȱ theȱ powderȱ increasesȱ theȱ nitridingȱ rate.ȱ Onȱ heatingȱ toȱ 921ȱ K,ȱ immediateȱ
decompositionȱofȱ expandedȱ austeniteȱ isȱobservedȱ accompaniedȱbyȱ formationȱofȱbothȱ theȱ
transitionalȱphaseȱandȱCrNȱ(Figureȱ6.8).ȱ
ȱ
ȱ
ȱ
Figureȱ6.8:ȱDiffractogramsȱofȱisothermalȱannealingȱatȱ921ȱKȱofȱnitrogenȱexpandedȱausteniteȱwithȱ
Wȱinternalȱstandard.ȱArrowsȱmarkȱemergingȱoxideȱ(primarilyȱhematite)ȱpeaks.ȱ
Theȱ simultaneousȱ formationȱ ofȱ bothȱCrNȱ andȱ theȱ transitionalȱ phaseȱ seemsȱ toȱ favorȱ theȱ
descriptionȱ involvingȱ chromiumȱdepletionȱofȱ theȱ stainlessȱ steelȱmatrixȱwithȱ theȱ resultingȱ
transitionalȱphaseȱbeingȱ (Fe,Ni)4N.ȱAtȱ921ȱKȱbothȱphasesȱareȱobservedȱalreadyȱ inȱ theȱ firstȱ
timeȬstep.ȱThereforeȱtheȱpotentialȱformationȱofȱtheȱtransitionalȱphaseȱatȱlowerȱtemperatures,ȱ
withoutȱ precipitationȱ ofȱ CrN,ȱ cannotȱ beȱ dismissedȱ conclusively.ȱ Dueȱ toȱ leaksȱ inȱ theȱ
capillary,ȱadditionalȱpeaksȱ fromȱmetalȱoxides,ȱprimarilyȱhematiteȱ (Fe2O3),ȱappearȱbeyondȱ
approximatelyȱ40ȱminutes.ȱ
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6.2.3 Intermediateȱnitrogenȱcontentȱ
Theȱ sampleȱ synthesizedȱ withȱ intermediateȱ contentȱ containsȱ nitrogenȱ correspondingȱ toȱ
occupationȱofȱoneȱ thirdȱofȱ theȱoctahedralȱ interstitialȱpositionsȱ (yNȱ=ȱ0.33).ȱThisȱ isȱ inȱgoodȱ
agreementȱwithȱ theȱ reportedȱ relationȱ betweenȱ nitridingȱ potentialȱ (nitrogenȱ activity)ȱ andȱ
interstitialȱcontentȱ(Christiansenȱ&ȱSomers,ȱ2006a)ȱandȱisȱnotȱfarȱaboveȱthatȱcorrespondingȱ
toȱtheȱcompositionȱM4Nȱ(yNȱ=ȱ0.25).ȱRecordedȱdiffractionȱprofilesȱforȱtheȱtemperatureȱseriesȱ
andȱ phaseȱ transformationȱmapȱ isȱ givenȱ inȱ Figureȱ 6.9.ȱ Inȱ contrastȱ toȱ theȱ highȬnitrogenȱ
sampleȱsynthesizedȱfromȱpowder,ȱthermalȱdecompositionȱproceedsȱwithoutȱformationȱofȱaȱ
transitionalȱphaseȱandȱproducesȱonlyȱnitrogenȱleanȱausteniteȱandȱCrN.ȱ
ȱ
ȱ
Figureȱ6.9:ȱExpandedȱausteniteȱwithȱWȱinternalȱstandard;ȱa)ȱcontourȱplotsȱofȱrecordedȱdiffractionȱ
profilesȱversusȱtemperatureȱupȱtoȱqȱ=ȱ6.0ȱÅȬ1ȱ(indexedȱpeaksȱareȱexpandedȱaustenite)ȱandȱb)ȱphaseȱ
transformationȱmapȱ(Wȱfractionȱexcluded).ȱEstimatedȱstandardȱdeviationsȱfromȱrefinementsȱareȱǂȱ
1.0ȱmass%.ȱRegionsȱexcludedȱinȱtheȱrefinementȱdueȱtoȱpeaksȱnotȱoriginatingȱfromȱtheȱsampleȱareȱ
markedȱasȱhatchedȱinȱa)ȱandȱaȱconservativeȱbackgroundȱremovalȱhasȱbeenȱappliedȱtoȱeliminateȱtheȱ
diffuseȱscatteringȱfromȱtheȱcapillaryȱatȱlowȱq.ȱ
TheȱlatticeȱparameterȱisȱinitiallyȱaboveȱthatȱcorrespondingȱtoȱM4Nȱ(aȱ؄ȱ3.8ȱÅ)ȱandȱincreasesȱ
furtherȱwithȱtemperatureȱdueȱtoȱthermalȱexpansionȱ(Figureȱ6.10a).ȱForȱtheȱcompositionȱyNȱ=ȱ
0.33,ȱexpandedȱausteniteȱ isȱstableȱupȱ toȱaroundȱ800ȱKȱsimilarȱ toȱ theȱ lowȬnitrogenȱsampleȱ
synthesizedȱ fromȱ powder,ȱ thusȱ exceedingȱ theȱ stabilityȱ rangeȱ forȱ highȱ nitrogenȱ contents.ȱ
Aboveȱthisȱtemperature,ȱtheȱlatticeȱparameterȱdecreasesȱdueȱtoȱdecreasingȱnitrogenȱcontentȱ
andȱ anȱ austeniteȱphaseȱwithȱ considerablyȱ lowerȱ latticeȱparameterȱ (interstitialȱ content)ȱ isȱ
formed.ȱTheȱ stackingȱ faultȱprobabilityȱ isȱ΅sf ؄ȱ 0.04ȱ andȱdeclinesȱdrasticallyȱ aboveȱ 700ȱKȱ
(Figureȱ6.10b).ȱInȱtheȱfinalȱstagesȱofȱdecomposition,ȱexpandedȱausteniteȱisȱcharacterizedȱbyȱ
broadȱ lowȬintensityȱ peaksȱ coincidingȱ withȱ peaksȱ fromȱ theȱ internalȱ standard.ȱ Thisȱ
necessitatedȱmanualȱ fittingȱofȱ theȱ latticeȱparameterȱandȱ stackingȱ faultȱprobabilityȱ forȱ theȱ
dataȱ atȱ 841ȱ K.ȱ Henceȱ noȱ estimatedȱ standardȱ deviationȱ isȱ givenȱ forȱ theȱ stackingȱ faultȱ
probabilityȱatȱthisȱtemperature.ȱ
ȱ
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Figureȱ 6.10:ȱ a)ȱ Latticeȱ parametersȱ forȱ expandedȱ austeniteȱ ofȱ intermediateȱ nitrogenȱ contentȱ
comparedȱtoȱtheȱvaluesȱobtainedȱforȱsamplesȱsynthesizedȱfromȱpowderȱ(faded),ȱcf.ȱFigureȱ6.6.ȱTheȱ
symbolsȱ inȱ theȱ legendȱareȱgroupedȱbyȱsampleȱdesignation.ȱEstimatedȱstandardȱdeviationsȱareȱ ǂȱ
10Ȭ3ȱÅ.ȱb)ȱRefinedȱstackingȱfaultȱprobabilityȱversusȱtemperature.ȱ
Inȱ contrastȱ toȱ theȱ otherȱ samples,ȱ theȱ thermalȱ expansionȱ isȱ notȱ linearȱ inȱ theȱ entireȱ
investigatedȱ temperatureȱ range.ȱ Theȱ expansionȱ coefficientȱ couldȱ beȱ fittedȱ includingȱ aȱ
temperatureȬdependenceȱ butȱ seemsȱ toȱ beȱwellȱ describedȱ byȱ twoȱ distinctȱ linearȱ regionsȱ
(Figureȱ6.11).ȱTheȱvaluesȱofȱ theȱ fittedȱexpansionȱcoefficientsȱareȱgivenȱ inȱTableȱ6.3.ȱ Inȱ theȱ
lowȬtemperatureȱrange,ȱ341ȱ–ȱ549ȱK,ȱtheȱexpansionȱcoefficientȱisȱmuchȱlowerȱthanȱforȱotherȱ
nitrogenȱ contentsȱandȱ forȱ theȱparentȱausteniticȱ stainlessȱ steel,ȱandȱ consequentlyȱ closerȱ toȱ
thatȱofȱ·’ȬFe4N,ȱcf.ȱTableȱ6.2.ȱInȱtheȱhighȱtemperatureȱrangeȱtheȱexpansionȱisȱsimilarȱto,ȱbutȱ
slightlyȱhigher,ȱthanȱwhatȱisȱobservedȱforȱhighȱnitrogenȱcontents.ȱ
ȱ
ȱ
Figureȱ 6.11:ȱ Latticeȱ parametersȱ versusȱ temperatureȱ forȱ expandedȱ austeniteȱ (yNȱ =ȱ 0.33)ȱ andȱ
correspondingȱfitsȱofȱtheȱtwoȱdistinctȱlinearȱregions.ȱ
ȱ
ȱ
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Tableȱ6.3:ȱFittedȱcoefficientsȱofȱvolumetricȱ(V)ȱandȱlinearȱ(a)ȱ
thermalȱ expansionȱ forȱ theȱ twoȱ distinctȱ linearȱ regionsȱ ofȱ
expandedȱ austeniteȱ withȱ intermediateȱ nitrogenȱ contentȱ asȱ
definedȱbyȱequationȱ(4.1).ȱȱ
Phaseȱ ȱTȱrangeȱ[K]ȱ ȱ΅expȱ[×10Ȭ5ȱKȬ1]ȱ
·Nȱ(yNȱ=ȱ0.33)ȱ 341ȱ–ȱ549ȱ Vȱ 2.90ȱ (1)ȱ
ȱ ȱ aȱ 0.966ȱ(4)ȱ
·Nȱ(yNȱ=ȱ0.33)ȱ 572ȱ–ȱ808ȱ Vȱ 4.61ȱ (4)ȱ
ȱ ȱ aȱ 1.53ȱ (1)ȱ
6.2.4 Discussionȱ
Theȱ lowȱ expansionȱ coefficientȱ forȱ nitrogenȱ expandedȱ austeniteȱ onȱ approachingȱ theȱ
compositionȱM4N,ȱsuggestsȱsimilaritiesȱ toȱ theȱstructureȱofȱ·’ȬFe4N.ȱForȱaȱnitrogenȱcontentȱ
correspondingȱtoȱyNȱ=ȱ0.25ȱitȱisȱconceivableȱthatȱanȱevenȱlowerȱexpansionȱcoefficientȱwouldȱ
beȱ obtained.ȱ Longȱ rangeȱ orderȱ mayȱ thusȱ existȱ betweenȱ nitrogenȱ atomsȱ inȱ expandedȱ
austenite,ȱatȱ leastȱ forȱcertainȱcompositions.ȱ Ifȱ theȱsimilaritiesȱbetweenȱexpandedȱausteniteȱ
andȱ·’ȬFe4Nȱincludeȱmagneticȱproperties,ȱtheȱobservedȱchangeȱinȱthermalȱexpansionȱcanȱbeȱ
explainedȱ byȱ aȱ ferromagneticȱ toȱ paramagneticȱ transition.ȱ Theȱ observedȱ transitionȱ
temperatureȱofȱaroundȱ550ȱKȱis,ȱhowever,ȱsubstantiallyȱlowerȱthanȱtheȱCurieȱtemperatureȱofȱ
·’ȬFe4N,ȱTCȱ؄ 767ȱK,ȱandȱnoȱ suchȱ transitionȱwasȱobservedȱ forȱ theȱhighȱnitrogenȱ sample.ȱ
Resultsȱ ofȱ theȱ investigationȱ ofȱmagneticȱ propertiesȱ ofȱ expandedȱ austeniteȱ areȱ givenȱ inȱ
Sectionȱ6.4.ȱ
Theȱstackingȱfaultȱprobabilityȱofȱ΅sf ؄ȱ0.04ȱforȱintermediateȱnitrogenȱcontentȱ isȱhigherȱ
thanȱwhatȱwasȱobservedȱ forȱ theȱhighȬnitrogenȱsample.ȱThus,ȱwhenȱexpandedȱausteniteȱ isȱ
formed,ȱtheȱstackingȱfaultȱprobabilityȱdoesȱnotȱnecessarilyȱdependȱonȱtheȱnitrogenȱcontent.ȱ
Duringȱthermalȱdecomposition,ȱhowever,ȱtheȱstackingȱfaultȱprobabilityȱdoesȱdecreaseȱwithȱ
interstitialȱcontentȱandȱisȱaccompaniedȱbyȱprecipitationȱofȱCrN.ȱTheȱslightȱdeclineȱinȱrefinedȱ
stackingȱ faultȱprobabilityȱ alreadyȱ aboveȱ 400ȱKȱ isȱnotȱ readilyȱ explainedȱ andȱmayȱ insteadȱ
indicateȱaȱproblemȱinȱtheȱstructuralȱmodel.ȱTheȱdescriptionȱofȱpeakȱshiftsȱcausedȱsolelyȱbyȱ
stackingȱfaultsȱasȱdescribedȱbyȱWarrenȱisȱindeedȱproblematicȱandȱthisȱsubjectȱisȱextensivelyȱ
treatedȱinȱChapterȱ7.ȱ
Itȱ canȱ beȱ arguedȱ thatȱ theȱ differenceȱ inȱ stabilityȱ range,ȱ thermalȱ expansionȱ andȱ
decompositionȱbetweenȱtheȱsampleȱwithȱyNȱ=ȱ0.33ȱandȱsamplesȱwithȱhighȱandȱlowȱnitrogenȱ
contentȱ couldȱ beȱ affectedȱ byȱ theȱ presenceȱ ofȱ ferriteȱ inȱ theȱ latterȱ two,ȱwhichȱwereȱ notȱ
annealedȱpriorȱ toȱnitriding.ȱSuchȱanȱeffectȱmust,ȱhowever,ȱbeȱ limitedȱasȱcomparedȱ toȱ theȱ
variationȱcausedȱbyȱ theȱdifferenceȱ inȱnitrogenȱcontent,ȱasȱ largeȱdifferencesȱwereȱobservedȱ
forȱbothȱsamplesȱcontainingȱferrite.ȱ
ȱ
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6.3 Carbonȱexpandedȱausteniteȱ
Forȱtheȱinvestigationȱofȱcarbonȱexpandedȱaustenite,ȱ·C,ȱthreeȱsamplesȱwereȱproducedȱfromȱ
theȱ5ȱΐmȱAISIȱ316ȱgradeȱstainlessȱ steelȱpowderȱdescribedȱ inȱSectionȱ6.1ȱwithȱoneȱsampleȱ
containingȱbothȱnitrogenȱandȱcarbon.ȱ
6.3.1 Experimentalȱ
GaseousȱtreatmentsȱwereȱperformedȱinȱaȱNetzschȱSTAȱ449ȱCȱJupiterȱthermalȱanalyzerȱwithȱ
samplesȱinȱceramicȱcrucibles.ȱAmmonia,ȱnitrogenȱandȱhydrogenȱgassesȱofȱ99.999%,ȱpropeneȱ
ofȱ99.5%ȱandȱacetyleneȱofȱ99.6%ȱpurityȱwereȱapplied.ȱForȱallȱtreatmentsȱaȱflowȱofȱnitrogenȱ
wasȱ ledȱ throughȱ theȱmeasurementȱcompartmentȱofȱ theȱ thermobalanceȱ toȱprotectȱ thisȱpartȱ
fromȱreactionȱwithȱtheȱotherȱgases.ȱ
Theȱsampleȱcontainingȱbothȱnitrogenȱandȱcarbonȱwasȱsynthesizedȱatȱ693ȱKȱbyȱnitridingȱ
inȱanȱatmosphereȱofȱ95ȱvol.%ȱNH3ȱandȱ5ȱvol.%ȱN2ȱ(infiniteȱnitridingȱpotential)ȱfollowedȱbyȱ
denitridingȱinȱ91ȱvol.%ȱH2ȱandȱ9ȱvol.%ȱN2ȱ(nitridingȱpotentialȱofȱzero)ȱandȱcarburizingȱinȱaȱ
gasȱ consistingȱ ofȱ 84ȱ vol.%ȱH2ȱ ,ȱ 8ȱ vol.%ȱC3H6ȱ andȱ 8ȱ vol.%ȱN2.ȱTheȱ finalȱ gasȱ compositionȱ
correspondsȱtoȱaȱcarburizingȱpotential,ȱKCȱ=ȱ0.519ȱatmȬ2/3ȱ(equationȱ2.9).ȱTheȱinitialȱtreatmentȱ
isȱ thusȱ similarȱ toȱ thatȱ ofȱ theȱ lowȬnitrogenȱ sampleȱ describedȱ inȱ Sectionȱ 6.1ȱ followedȱ byȱ
carburizingȱuntilȱaȱstationaryȱweightȱwasȱreachedȱ(Figureȱ6.12).ȱ
ȱ
ȱ
Figureȱ 6.12:ȱ Thermogravimetricȱ curveȱ forȱ expandedȱ austeniteȱ containingȱ bothȱ nitrogenȱ andȱ
carbonȱ synthesizedȱ atȱ 693ȱ Kȱ inȱ threeȱ steps;ȱ nitriding,ȱ denitridingȱ andȱ carburizing.ȱ Theȱ gasȱ
constituentsȱareȱlistedȱinȱtheȱfigureȱ(excludingȱforȱtheȱconstantȱprotectiveȱflowȱofȱnitrogen).ȱ
ȱ
Theȱtwoȱsamplesȱcontainingȱonlyȱcarbonȱwereȱsynthesizedȱinȱanȱatmosphereȱofȱ88ȱvol.%ȱH2,ȱ
3ȱvol.%ȱC2H2ȱandȱ9ȱvol.%ȱN2ȱcorrespondingȱtoȱaȱcarburizingȱpotentialȱofȱKCȱ=ȱ0.182.ȱTheȱfirstȱ
sampleȱ(Figureȱ6.13a)ȱwasȱtreatedȱatȱ713ȱKȱforȱ3ȱhoursȱwhileȱtheȱtemperatureȱprogramȱforȱ
theȱsecondȱsampleȱ(Figureȱ6.13b)ȱconsistedȱofȱtwoȱsteps;ȱ693ȱKȱforȱ4ȱhoursȱfollowedȱbyȱ653ȱKȱ
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forȱ 16ȱ hours,ȱ resultingȱ inȱ aȱ higherȱ carbonȱ content.ȱ Noteȱ that,ȱ unlikeȱ nitridingȱ inȱ
ammonia/hydrogenȱgasȱmixtures,ȱtheȱuseȱofȱunsaturatedȱhydrocarbonȱgasȱandȱhydrogenȱatȱ
elevatedȱ temperaturesȱ removesȱorȱ transformsȱ theȱpassiveȱoxideȱ layer.ȱThisȱenablesȱdirectȱ
carburizingȱwithoutȱdedicatedȱsurfaceȱactivationȱ(Christiansenȱetȱal.,ȱ2011).ȱ
ȱ
ȱ
Figureȱ 6.13:ȱ Thermogravimetricȱ curvesȱ forȱ a)ȱ expandedȱ austeniteȱ withȱ lowȱ carbonȱ contentȱ
synthesizedȱ atȱ 713ȱ Kȱ andȱ b)ȱ highȱ carbonȱ contentȱ synthesizedȱ withȱ aȱ twoȬstepȱ temperatureȱ
program;ȱ693ȱKȱfollowedȱbyȱ653ȱK.ȱTheȱcarburizingȱpotentialȱwasȱKCȱ=ȱ0.182ȱforȱbothȱsamplesȱbutȱ
withȱ aȱmuchȱ longerȱ treatmentȱ timeȱ forȱ theȱ highȬcarbonȱ sampleȱ (andȱ slightlyȱ differentȱ carbonȱ
activityȱdueȱtoȱtheȱlowerȱtemperature).ȱ
ȱ
Detailsȱ forȱ inȱ situȱ synchrotronȱ XȬrayȱ diffractionȱ andȱ Rietveldȱ refinementsȱ correspondȱ toȱ
thoseȱgivenȱinȱSectionȱ6.1.1,ȱunlessȱotherwiseȱstated.ȱDataȱwereȱcollectedȱinȱaȱ2Όȱrangeȱofȱ4ȱ–ȱ
100°ȱwithȱaȱfixedȱstepȱsizeȱofȱ0.005°ȱinȱ2ΌȱandȱaȱwavelengthȱofȱΏȱ=ȱ1.001952(5)ȱÅȱforȱtheȱlowȬ
carbonȱsampleȱandȱΏȱ=ȱ1.07051(2)ȱÅȱforȱtheȱhighȬcarbonȱsampleȱandȱtheȱsampleȱcontainingȱ
bothȱnitrogenȱ andȱ carbonȱ (correspondingȱ toȱ qȱ rangesȱ ofȱ 0.4ȱ toȱ 9.6ȱAȬ1ȱ andȱ 0.4ȱ toȱ 9.0ȱAȬ1,ȱ
respectively).ȱ
ForȱtheȱlowȬcarbonȱsample,ȱ21ȱdiffractogramsȱwereȱmeasuredȱinȱtheȱtemperatureȱrangeȱ
413ȱ–ȱ890ȱKȱwithȱanȱexposureȱtimeȱofȱ240ȱsecondsȱatȱeachȱtemperatureȱstep.ȱAfterȱexposure,ȱ
theȱ temperatureȱwasȱ immediatelyȱ rampedȱ toȱ theȱnextȱsetȱpoint,ȱandȱ theȱaverageȱ timeȱ forȱ
reachingȱandȱstabilizingȱatȱeachȱsetȱpointȱ temperatureȱpriorȱ toȱexposureȱwasȱ177ȱseconds.ȱ
Forȱ theȱ sampleȱ containingȱ bothȱ nitrogenȱ andȱ carbonȱ andȱ theȱ highȬcarbonȱ sample,ȱ 26ȱ
diffractogramsȱwereȱmeasuredȱinȱtheȱtemperatureȱrangeȱ385ȱ–ȱ920ȱKȱwithȱstabilizationȱtimesȱ
ofȱ242ȱandȱ205ȱ seconds,ȱ respectively.ȱForȱallȱRietveldȱ refinementsȱ residualȱvaluesȱofȱRpȱ ǂȱ
1.85%ȱandȱgoodnessȬofȬfitȱvaluesȱΛ2ȱǂȱ1.44ȱwereȱobtained.ȱ
ȱ
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6.3.2 Resultsȱandȱinterpretationȱ
Theȱsampleȱcontainingȱbothȱcarbonȱandȱnitrogenȱwasȱobtainedȱbyȱnitridingȱandȱdenitridingȱ
followedȱbyȱcarburizingȱofȱAISIȱ316ȱpowderȱuntilȱaȱstationaryȱweightȱgainȱwasȱreached.ȱTheȱ
combinedȱ nitrogenȱ andȱ carbonȱ contentȱ amountedȱ toȱ 5.9ȱmass%,ȱ butȱ carbonȱmayȱ haveȱ
partiallyȱ replacedȱnitrogenȱduringȱcarburizing.ȱ Itȱ isȱ thereforeȱnotȱpossibleȱ toȱquantifyȱ theȱ
individualȱ contributionsȱ fromȱ theȱ thermogravimetricȱ curveȱ (Figureȱ 6.12).ȱ Theȱ mainȱ
constituentȱ inȱ theȱresultingȱpowderȱ isȱexpandedȱausteniteȱasȱseenȱ inȱ theȱdiffractogramȱonȱ
Figureȱ 6.14(a).ȱ Similarȱ toȱ theȱnitridedȱ samples,ȱ ferriteȱ isȱpresentȱ asȱwellȱ asȱ anȱ additionalȱ
broadȱpeakȱbetweenȱtheȱ111ȱandȱ200ȱreflectionsȱofȱexpandedȱaustenite,ȱwhichȱisȱattributedȱ
toȱ theȱ presenceȱ ofȱ h.c.p.ȱ basedȱ ΉȬ(carbo)nitride.ȱ Comparedȱ toȱ theȱ lowȬnitrogenȱ sampleȱ
(Figureȱ6.3c),ȱdiffractionȱpeaksȱ forȱ ·CNȱareȱ shiftedȱ toȱ lowerȱqȱdueȱ toȱadditionalȱ interstitialȱ
occupancyȱ byȱ carbon,ȱwhichȱ expandsȱ theȱ lattice.ȱ Forȱ theȱ expandedȱ austeniteȱ phaseȱ theȱ
combinedȱ nitrogenȱ andȱ carbonȱ contentȱ isȱ estimatedȱ fromȱ theȱ relationȱ betweenȱ latticeȱ
parameterȱandȱtheȱnitrogenȱoccupancy,ȱyN,ȱ(Christiansenȱ&ȱSomers,ȱ2006a)ȱandȱtheȱcarbonȱ
occupancy,ȱ yC,ȱ (Hummelshøjȱ etȱ al.,ȱ 2010),ȱwhichȱ yieldsȱ andȱ averageȱ valueȱ ofȱ yCNȱ =ȱ 0.24.ȱ
Diffractionȱpeaksȱforȱexpandedȱausteniteȱareȱbroadenedȱcomparedȱtoȱtheȱreferenceȱsampleȱ
(Figureȱ 6.3a),ȱ butȱ noȱ stackingȱ faultȱ inducedȱ peakȱ shiftsȱ areȱ observed.ȱDuringȱ heatingȱ aȱ
numberȱofȱoxideȱpeaksȱemergeȱbeyondȱ660ȱKȱcausedȱbyȱaȱleakedȱcapillaryȱ(Figureȱ6.15a).ȱ
Rietveldȱ refinementȱ ofȱ diffractionȱ dataȱ forȱ theȱ lowȬcarbonȱ sampleȱ necessitatedȱ
exclusionȱofȱaȱregionȱcontainingȱanȱadditionalȱpeakȱoriginatingȱfromȱmisalignedȱSollerȱslitsȱ
(Figureȱ 6.14b).ȱTheȱpowderȱ consistsȱofȱ ferrite,ȱ austenite,ȱ carbonȱ expandedȱ austeniteȱ (yCȱ =ȱ
0.18)ȱandȱHäggȱcarbide,ȱ ΛȬM5C2.ȱTheȱasymmetricȱbroadȱpeaksȱofȱausteniteȱandȱexpandedȱ
austeniteȱ areȱ causedȱ byȱ anȱ inhomogeneousȱ distributionȱ ofȱ carbon,ȱ i.e.ȱ aȱ concentrationȱ
gradient.ȱTheȱgradientȱisȱfittedȱasȱtwoȱseparateȱphases,ȱ·I1ȱandȱ·I2,ȱwithȱintermediateȱlatticeȱ
parametersȱ(carbonȱcontent).ȱAlthoughȱthisȱisȱnotȱaȱphysicallyȱvalidȱrepresentationȱitȱallowsȱ
aȱ sufficientȱ descriptionȱ ofȱ theȱ observedȱ diffractionȱ profile.ȱ Theȱ inhomogeneousȱ carbonȱ
distributionȱ isȱ expectedȱ fromȱ theȱ thermogravimetricȱ curveȱ inȱ Figureȱ 6.13(a)ȱ sinceȱ
carburizingȱwasȱ notȱ continuedȱ untilȱ aȱ stationaryȱweightȱwasȱ reached.ȱ Longerȱ treatmentȱ
timeȱmayȱ furtherȱpromoteȱ theȱ formationȱofȱcarbides.ȱThisȱ isȱ indeedȱ theȱcaseȱ forȱ theȱhighȬ
carbonȱsample,ȱforȱwhichȱtheȱcarburizingȱtreatmentȱwasȱcontinuedȱforȱ20ȱhours.ȱInȱadditionȱ
toȱ ferriteȱ andȱ carbonȱ expandedȱ austeniteȱ (yCȱ =ȱ 0.22),ȱ thisȱ sampleȱ containsȱ aȱ substantialȱ
amountȱ ofȱ Häggȱ carbide,ȱ ΛȬM5C2ȱ (Figureȱ 6.14c).ȱ Inȱ correspondenceȱ withȱ theȱ longerȱ
treatmentȱtimeȱandȱtheȱsignificantlyȱlessȱsteepȱthermogravimetricȱcurveȱinȱFigureȱ6.13(b)ȱtheȱ
distinctȱasymmetryȱofȱ theȱ lowȬcarbonȱsampleȱ isȱnotȱobserved.ȱAusteniteȱ is,ȱhowever,ȱstillȱ
presentȱ asȱ broadenedȱ peaksȱwithȱ aȱ slightȱ shiftȱ toȱ lowerȱ q.ȱ Forȱ bothȱ samplesȱ ofȱ carbonȱ
expandedȱausteniteȱnoȱstackingȱfaultȱinducedȱpeakȱshiftsȱwereȱobserved.ȱ
ȱ
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Figureȱ 6.14:ȱ XȬrayȱ diffractogram,ȱ refinedȱ Rietveld
profileȱandȱdifferenceȱcurveȱupȱtoȱqȱ=ȱ6.0ȱÅȬ1ȱforȱa)ȱtheȱ
sampleȱ containingȱ bothȱ carbonȱ andȱ nitrogen,ȱ b)ȱ the
lowȬcarbonȱ sampleȱ withȱ excludedȱ regionȱ dueȱ toȱ a
peakȱ fromȱ misalignedȱ Sollerȱ slitsȱ andȱ c)ȱ theȱ highȬ
carbonȱsample.ȱVerticalȱlinesȱmarkȱBraggȱpositions.ȱ
ȱ
Figureȱ6.15:ȱContourȱplotsȱofȱrecordedȱdiffractionȱprofilesȱ
upȱtoȱqȱ=ȱ6.0ȱÅȬ1ȱversusȱtemperatureȱforȱa)ȱtheȱC/Nȱsample,ȱ
b)ȱ theȱ lowȬCȱ sampleȱ andȱ c)ȱ theȱ highȬCȱ sample.ȱ Indexedȱ
peaksȱareȱexpandedȱaustenite.ȱPeaksȱemergingȱbeyondȱ660ȱ
Kȱ inȱ a)ȱ correspondȱ toȱ oxidesȱ (cf.ȱ Figureȱ 6.16a).ȱ Inȱ b)ȱ aȱ
conservativeȱ backgroundȱ removalȱ hasȱ beenȱ appliedȱ toȱ
eliminateȱtheȱdiffuseȱscatteringȱfromȱtheȱcapillaryȱatȱlowȱqȱ
andȱtheȱexcludedȱregionȱ isȱmarkedȱasȱhatched.ȱ Intensitiesȱ
haveȱbeenȱrescaledȱtoȱaccountȱforȱbeamȱdecayȱinȱc).ȱ
ȱ
ȱ
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6.3.2.1 Phaseȱtransformationsȱandȱthermalȱexpansionȱ
Phaseȱ transformationȱmapsȱ showingȱ theȱ refinedȱmassȱ fractionsȱ versusȱ temperatureȱ areȱ
givenȱ inȱ Figureȱ 6.16(aȬc).ȱ Theȱ initialȱ amountȱ ofȱ ΉȬphaseȱ inȱ theȱ sampleȱ containingȱ bothȱ
nitrogenȱandȱcarbonȱexceedsȱthatȱofȱtheȱnitridedȱsamplesȱ(Figureȱ6.5),ȱwhichȱsuggestsȱthatȱ
theȱ additionȱ ofȱ carbonȱ furtherȱ stabilizesȱ theȱ ΉȬnitride.ȱ Duringȱ heatingȱ theȱ onlyȱ evidentȱ
changeȱupȱtoȱ660ȱKȱisȱthermalȱexpansion.ȱȱ
ȱ
ȱ
ȱ
Figureȱ6.16:ȱPhaseȱ transformationȱmapȱ forȱa)ȱ theȱsampleȱcontainingȱnitrogenȱandȱcarbon,ȱb)ȱ theȱ
lowȬcarbonȱsample,ȱc)ȱtheȱhighȬcarbonȱsampleȱandȱd)ȱlatticeȱparametersȱforȱ(expanded)ȱausteniteȱ
phasesȱ inȱ allȱ carburizedȱ samplesȱplusȱ theȱuntreatedȱAISIȱ 316ȱpowderȱ (Sectionȱ 6.1).ȱLinesȱ inȱ d)ȱ
correspondȱtoȱfittedȱexpressionsȱforȱthermalȱexpansionȱ(equationȱ4.1)ȱandȱsymbolsȱinȱtheȱlegendȱ
areȱ groupedȱ byȱ sampleȱdesignation.ȱEstimatedȱ standardȱdeviationsȱ fromȱ refinementsȱ areȱ ǂȱ 1.5ȱ
mass%ȱforȱphaseȱfractionsȱandȱǂȱ10Ȭ3ȱÅȱforȱlatticeȱparameters.ȱ
ȱ
Theȱinitialȱdecompositionȱofȱexpandedȱausteniteȱcoincidesȱwithȱtheȱunintentionalȱoxidationȱ
ofȱ theȱsample,ȱresultingȱ inȱ formationȱofȱ theȱ ironȬbasedȱoxidesȱhematiteȱ (Fe2O3),ȱmagnetiteȱ
(Fe3O4)ȱand,ȱbeyondȱ890ȱK,ȱwüstiteȱ(FeO).ȱSimilarȱtoȱtheȱΉȬnitrideȱandȱΛȬcarbide,ȱironȱmayȱ
haveȱbeenȱpartiallyȱreplacedȱbyȱotherȱmetallicȱelementsȱinȱtheȱsteelȱ(Cr,ȱNi,ȱMo).ȱTheȱfinalȱ
decompositionȱproductsȱareȱausteniteȱandȱCrN.ȱ
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Theȱ combinedȱ massȱ fractionȱ ofȱ theȱ twoȱ separateȱ phasesȱ withȱ intermediateȱ latticeȱ
parametersȱ includedȱ toȱdescribeȱ theȱ concentrationȱgradientȱ forȱ theȱ lowȬcarbonȱ sampleȱ isȱ
denotedȱ ·Iȱ inȱ Figureȱ 6.16(b).ȱ Initialȱ decompositionȱ ofȱ carbonȱ expandedȱ austenite,ȱ asȱ
indicatedȱ byȱ aȱdecreasingȱ latticeȱ parameter,ȱ occursȱ aboveȱ 770ȱKȱ andȱ isȱ accompaniedȱ byȱ
additionalȱ formationȱ ofȱ ΛȬM5C2.ȱ Noȱ otherȱ changesȱ areȱ observedȱ inȱ theȱ investigatedȱ
temperatureȱrangeȱ(theȱexperimentȱwasȱendedȱprematurelyȱdueȱtoȱlossȱofȱbeamȱintensity).ȱ
Forȱ theȱhighȬcarbonȱ sampleȱ (Figureȱ 6.16c),ȱ expandedȱ austeniteȱdecomposesȱ aboveȱ 660ȱKȱ
andȱ additionalȱHäggȱ carbideȱ isȱ formed.ȱM7C3ȱ carbideȱ isȱ formedȱ aboveȱ 875ȱKȱ andȱ ferriteȱ
peaksȱdisappearȱatȱ920ȱK.ȱ
TheȱlatticeȱparametersȱobtainedȱwithȱRietveldȱrefinementȱforȱtheȱ(expanded)ȱausteniteȱ
phasesȱ inȱ allȱ samplesȱ versusȱ temperatureȱ areȱ presentedȱ inȱ Figureȱ 6.16(d).ȱ Theȱ latticeȱ ofȱ
austeniteȱ inȱ theȱ referenceȱ AISIȱ 316ȱ powderȱ andȱ inȱ theȱ lowȬcarbonȱ sampleȱ expandsȱ
monotonicallyȱ inȱ theȱentireȱ investigatedȱ temperatureȱ range.ȱAusteniteȱ inȱ theȱhighȬcarbonȱ
sampleȱ exhibitsȱ aȱ slightlyȱ expandedȱ lattice,ȱ butȱ beyondȱ 800ȱ Kȱ theȱ latticeȱ parameterȱ
approachesȱthatȱofȱtheȱuntreatedȱreferenceȱsample.ȱThisȱisȱalsoȱtheȱcaseȱforȱausteniteȱformedȱ
inȱ theȱ sampleȱ containingȱ bothȱ nitrogenȱ andȱ carbon.ȱ Forȱ theȱ highȬcarbonȱ sampleȱ theȱ
apparentȱdiscontinuityȱ atȱ 800ȱKȱ isȱ causedȱ byȱ aȱpowerȱ failureȱ resultingȱ inȱ coolingȱ ofȱ theȱ
sampleȱwithȱ subsequentȱ reheatingȱ toȱ continueȱ theȱ experiment.ȱ Theȱ fittedȱ coefficientsȱ ofȱ
thermalȱexpansionȱ(equationȱ4.1)ȱareȱpresentedȱinȱTableȱ6.4.ȱ
ȱ
Tableȱ 6.4:ȱFittedȱ coefficientsȱofȱvolumetricȱ (V)ȱandȱ linearȱ (a)ȱ
thermalȱexpansionȱforȱ(expanded)ȱausteniteȱphasesȱasȱdefinedȱ
byȱequationȱ(4.1).ȱȱ
Phaseȱ ȱTȱrangeȱ[K]ȱ ȱ΅expȱ[×10Ȭ5ȱKȬ1]ȱ
·Cȱ(high)ȱ 385ȱ–ȱ657ȱ Vȱ 5.53ȱ (7)ȱ
ȱ ȱ aȱ 1.84ȱ (2)ȱ
·Cȱ(low)ȱ 413ȱ–ȱ767ȱ Vȱ 5.48ȱ (6)ȱ
ȱ ȱ aȱ 1.82ȱ (2)ȱ
·CNȱ 385ȱ–ȱ657ȱ Vȱ 5.05ȱ (9)ȱ
ȱ ȱ aȱ 1.68ȱ (3)ȱ
ȱ
Forȱbothȱsamplesȱofȱcarbonȱexpandedȱaustenite,ȱtheȱinterstitialȱcontentȱ(yCȱ=ȱ0.18ȱandȱ0.22)ȱ
andȱcoefficientsȱofȱthermalȱexpansionȱareȱsimilarȱinȱvalueȱandȱbothȱslightlyȱlowerȱthanȱtheȱ
referenceȱ andȱ lowȬnitrogenȱ sampleȱ (Tableȱ 6.2).ȱ Inȱ agreementȱ withȱ theȱ observedȱ
compositionalȱ dependenceȱ ofȱ theȱ expansionȱ coefficientsȱ forȱ nitridedȱ samples,ȱ expandedȱ
austeniteȱcontainingȱbothȱnitrogenȱandȱcarbonȱwithȱaȱhigherȱinterstitialȱcontentȱ(yCNȱ=ȱ0.24)ȱ
exhibitsȱlowerȱthermalȱexpansion.ȱ
ȱ
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6.3.3 Discussionȱ
Prolongedȱcarburizingȱhasȱpreviouslyȱbeenȱshownȱ toȱcauseȱformationȱofȱbothȱΛȬM5C2ȱandȱ
M7C3ȱ carbidesȱ inȱanȱ expandedȱausteniteȱzoneȱwithȱhighȱ carbonȱ contentȱ (e.g.ȱyCȱ=ȱ0.14ȱorȱ
higher)ȱwhileȱforȱaȱrelativelyȱlowȱcarbonȱcontentȱ(yCȱ=ȱ0.056)ȱtheȱmainȱcarbideȱthatȱdevelopsȱ
isȱM23C6ȱ (Ernstȱ etȱal.,ȱ2004;ȱChristiansenȱ&ȱSomers,ȱ2009).ȱForȱ theȱpresentȱsamplesȱonlyȱΛȬ
M5C2ȱ (Häggȱ carbide)ȱwasȱobserved,ȱbutȱM7C3ȱ carbideȱdevelopsȱaboveȱ875ȱKȱ inȱ theȱhighȬ
carbonȱsample.ȱTheȱformationȱofȱM7C3ȱisȱinȱagreementȱwithȱThermoȬCalcȱpredictionsȱofȱtheȱ
stableȱcarbidesȱatȱhighȱ temperatureȱandȱcarbonȱcontentȱ (Christiansenȱ&ȱSomers,ȱ2009).ȱToȱ
verifyȱthisȱresult,ȱpartȱofȱtheȱhighȬcarbonȱsampleȱwasȱrapidlyȱheatedȱtoȱ875ȱKȱcausingȱaȱfullȱ
transformationȱofȱtheȱoriginalȱexpandedȱaustenite,ȱferriteȱandȱHäggȱcarbideȱtoȱausteniteȱandȱ
M7C3ȱ(Figureȱ6.17).ȱ
ȱ
ȱ
Figureȱ6.17:ȱXȬrayȱdiffractogram,ȱrefinedȱRietveldȱprofileȱandȱdifferenceȱcurveȱupȱtoȱqȱ=ȱ6.0ȱÅȬ1ȱforȱ
thermallyȱdecomposedȱcarbonȱexpandedȱaustenite,ȱ·C,ȱatȱ875ȱK;ȱconstituentsȱareȱaustenite,ȱ·,ȱandȱ
M7C3ȱcarbide.ȱVerticalȱlinesȱmarkȱBraggȱpositionsȱandȱtheȱinsetȱshowsȱtheȱpositionȱofȱtheȱextinctȱ
132ȱreflectionȱforȱM7C3.ȱ
ȱ
ForȱtheȱM7C3ȱcarbide,ȱtheȱstructuralȱdescriptionȱreportedȱbyȱFruchartȱ&ȱRouaultȱ(1969)ȱwasȱ
adopted;ȱorthorhombicȱ inȱspaceȱgroupȱPnma.ȱTheȱ132ȱpeakȱpredictedȱ forȱ thisȱstructureȱ is,ȱ
however,ȱnotȱ observedȱ inȱ theȱdiffractogramȱ (Figureȱ 6.17),ȱwhichȱmayȱ beȱ explainedȱ byȱ aȱ
partiallyȱ disorderedȱ structure.ȱ Theȱ correctȱ orthorhombicȱ crystalȱ structureȱ isȱ obtainedȱ atȱ
highȱ temperature,ȱbutȱM7C3ȱcarbidesȱpreparedȱbelowȱ1473ȱKȱexhibitȱcrystalȱ imperfectionsȱ
dueȱtoȱformationȱofȱtwinsȱandȱstackingȱfaults,ȱresultingȱinȱbroadeningȱandȱdisappearanceȱofȱ
certainȱdiffractionȱpeaksȱ (Rouaultȱ etȱal.,ȱ 1970).ȱThisȱ includesȱ theȱ 132ȱpeakȱ (orȱ 321ȱ forȱ theȱ
Pmcnȱsettingȱusedȱinȱtheȱcitedȱpaper)ȱandȱresultsȱinȱaȱ“poorlyȱcrystallized”ȱlowȬtemperatureȱ
structureȱ indexedȱ accordingȱ toȱ aȱ hexagonalȱ lattice.ȱ Forȱ theȱ presentȱ dataȱ neitherȱ theȱ
hexagonalȱdescriptionȱ inȱspaceȱgroupȱP63mcȱ (Herbsteinȱ&ȱSnyman,ȱ1964)ȱnorȱ theȱ trigonalȱ
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descriptionȱ inȱ spaceȱ groupȱ P31cȱ (Westgren,ȱ 1935)ȱ improvedȱ theȱ fitȱ sinceȱ theseȱ predictȱ
additionalȱpeaksȱthatȱwereȱnotȱobserved.ȱConsequently,ȱtheȱorthorhombicȱdescriptionȱwasȱ
maintainedȱ andȱnoȱ indicationsȱofȱadditionalȱ carbidesȱareȱobserved.ȱTheȱ stableȱ carbideȱatȱ
sufficientlyȱ highȱ carbonȱ contentȱ andȱ temperatureȱ isȱ thusȱ M7C3.ȱ Theȱ factȱ thatȱ fullȱ
transformationȱisȱobtainedȱatȱ875ȱKȱinȱcontrastȱtoȱtheȱcontrolledȱheatingȱexperimentȱcanȱbeȱ
explainedȱbyȱthermalȱoscillationsȱatȱtheȱbeginningȱofȱtheȱexperiment.ȱ
Expandedȱausteniteȱcontainingȱbothȱnitrogenȱandȱcarbonȱ(yCNȱ=ȱ0.24)ȱisȱstableȱupȱtoȱ657ȱ
K,ȱ butȱ thisȱ temperatureȱ coincidesȱwithȱ theȱunintentionalȱ oxidationȱ ofȱ theȱ sample,ȱwhichȱ
mayȱhaveȱaffectedȱ theȱstabilityȱrange.ȱCrNȱdevelopsȱduringȱ thermalȱdecompositionȱofȱ theȱ
expandedȱ austenite.ȱ Sinceȱ noȱ carbidesȱ (orȱ crystallineȱ graphite)ȱ wereȱ detected,ȱ carbonȱ
presumablyȱ producesȱ amorphousȱ graphiteȱ orȱ isȱ simplyȱ removedȱ dueȱ toȱ oxidation.ȱ Theȱ
stabilityȱrangeȱforȱexpandedȱausteniteȱwithȱhighȱcarbonȱcontentȱ(yCȱ=ȱ0.22)ȱextendsȱtoȱ657ȱKȱ
whileȱaȱhigherȱtemperatureȱofȱ767ȱKȱwasȱobservedȱforȱslightlyȱlowerȱcontentȱ(yCȱ=ȱ0.18).ȱThisȱ
isȱsimilarȱtoȱtheȱstabilityȱrangesȱofȱnitridedȱsamplesȱwithȱhighȱandȱlowȱinterstitialȱcontents.ȱ
Highȱcarbonȱcontentsȱapparentlyȱincreaseȱtheȱdrivingȱforceȱforȱcarbideȱformationȱandȱthusȱ
accelerateȱdecomposition.ȱTheȱonsetȱofȱdecompositionȱofȱcarbonȱexpandedȱausteniteȱ toȱΛȬ
M5C2ȱmayȱbeȱpromotedȱbyȱ theȱ initialȱpresenceȱofȱ thisȱ carbide.ȱNoȱ stackingȱ faultȱ inducedȱ
peakȱ shiftsȱ areȱ presentȱ forȱ theȱ threeȱ carburizedȱ samples,ȱ whichȱ indicateȱ aȱ generallyȱ
diminishedȱ stackingȱ faultȱ probabilityȱ forȱ lowȱ interstitialȱ contents,ȱ althoughȱ thereȱ isȱ noȱ
universallyȱvalidȱrelationȱbetweenȱtheȱtwo.ȱ
Theȱ expansionȱ coefficientȱ forȱ expandedȱ austeniteȱ inȱ theȱ lowȬcarbonȱ sampleȱ isȱ lowerȱ
thanȱ forȱ theȱ untreatedȱ steel.ȱ Theȱ relativelyȱ lowȱ discrepancyȱ mayȱ beȱ attributedȱ toȱ
experimentalȱ uncertainty,ȱ butȱ canȱ alsoȱ beȱ interpretedȱ asȱ aȱ consequenceȱ ofȱ theȱ distinctȱ
inhomogeneousȱcarbonȱdistribution.ȱConcentrationȱgradientsȱmayȱbeȱavoidedȱbyȱannealingȱ
inȱanȱ inertȱ (e.g.ȱargon)ȱatmosphereȱatȱ773ȱKȱafterȱcarburizingȱofȱsufficientlyȱ thinȱsamplesȱ
(Hummelshøjȱ etȱ al.,ȱ 2010).ȱ Asȱ discussedȱ inȱ Sectionȱ 6.2.4,ȱ theȱ unusualȱ compositionalȱ
dependenceȱ ofȱ theȱ expansionȱ coefficientȱ ofȱ expandedȱ austeniteȱ isȱ likelyȱ causedȱ byȱ longȱ
rangeȱorderȱbetweenȱinterstitials,ȱmagneticȱpropertiesȱorȱaȱcombinationȱthereof,ȱwhichȱisȱtheȱ
subjectȱofȱtheȱfollowingȱsection.ȱ
ȱ
ȱ
ȱ
ȱ
ȱ
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6.4 Mössbauerȱspectroscopyȱandȱmagneticȱpropertiesȱ
Theȱf.c.c.ȱstructureȱofȱironȱ(austenite,ȱ·ȬFe)ȱhasȱbeenȱpredictedȱtoȱexhibitȱeitherȱnonmagneticȱ
(paramagnetic),ȱantiferromagneticȱorȱferromagneticȱbehavior,ȱdependingȱonȱtheȱseparationȱ
ofȱironȱatomsȱ(Wangȱetȱal.,ȱ1985;ȱMoruzziȱetȱal.,ȱ1986).ȱTheȱferromagneticȱstateȱisȱstabilizedȱ
byȱ largerȱ interatomicȱ distancesȱ andȱ hasȱ beenȱ observedȱ experimentallyȱ forȱ epitaxialȱ ·ȬFeȱ
filmsȱgrownȱonȱCuȱandȱCu3Auȱ (Willisȱ etȱal.,ȱ1988;ȱKeuneȱ etȱal.,ȱ1989).ȱRoomȱ temperatureȱ
ferromagnetismȱ hasȱ beenȱ reportedȱ forȱ expandedȱ austeniteȱ (Öztürkȱ&ȱWilliamson,ȱ 1995;ȱ
Fewellȱetȱal.,ȱ2000;ȱMenéndezȱetȱal.,ȱ2013)ȱandȱ isȱmainlyȱattributedȱ toȱ theȱ latticeȱexpansionȱ
causedȱbyȱincorporationȱofȱlargeȱamountsȱofȱnitrogenȱatoms,ȱpossibleȱareasȱenrichedȱinȱFeȱ
andȱNiȱ andȱ theȱ similarityȱ toȱ theȱ structureȱ ofȱ ·’ȬFe4N,ȱwhichȱ isȱ ferromagneticȱ atȱ roomȱ
temperatureȱ (Shiraneȱ etȱal.,ȱ1962).ȱFerromagneticȱcarbonȱexpandedȱausteniteȱhasȱnotȱbeenȱ
reported,ȱwhichȱ isȱ inȱ agreementȱwithȱ aȱ limitedȱ latticeȱ expansionȱ comparedȱ toȱ nitrogenȱ
expandedȱausteniteȱ(Hummelshøjȱetȱal.,ȱ2010).ȱTheȱcurrentȱinvestigationȱaimsȱtoȱexploreȱtheȱ
relationȱbetweenȱ interstitialȱ contentȱandȱmagneticȱpropertiesȱofȱhomogeneousȱ samplesȱofȱ
nitrogenȱexpandedȱaustenite,ȱwhichȱhasȱnotȱbeenȱattemptedȱbefore.ȱ
6.4.1 Experimentalȱ
ThinȱfoilsȱofȱAISIȱ316ȱstainlessȱsteelȱofȱnominalȱcompositionȱ(byȱmass)ȱ18%ȱCr,ȱ10%ȱNiȱandȱ
3%ȱMoȱ(GoodfellowȱCambridgeȱLtd.)ȱwithȱthicknessȱ12.5ȱΐmȱwereȱusedȱforȱnitriding.ȱPriorȱ
toȱ treatment,ȱ recrystallizationȱ andȱ austenitizationȱwasȱ achievedȱ byȱ heatingȱ toȱ 1323ȱKȱ inȱ
pureȱ H2ȱ followedȱ byȱ immediateȱ coolingȱ toȱ roomȱ temperature.ȱ Inȱ orderȱ toȱ obtainȱ aȱ
homogeneousȱdistributionȱofȱnitrogenȱinȱtheȱfoils,ȱanȱalternativeȱactivationȱprocedureȱwasȱ
applied.ȱTheȱreasonsȱforȱthisȱchangeȱareȱdiscussedȱinȱAppendixȱB.1.ȱTheȱprocedureȱinvolvesȱ
chemicalȱ strippingȱofȱ theȱpassiveȱ film,ȱ followedȱbyȱ electrochemicalȱdepositionȱofȱNiȱ inȱaȱ
Wood’sȱnickelȱbathȱ(NiCl2ȱ+ȱNiSO4ȱ+ȱH2SO4)ȱwithȱtheȱȱdepositedȱnickelȱcontributingȱtoȱlessȱ
thanȱ0.5ȱpercentȱofȱtheȱtotalȱmassȱofȱtheȱfoilsȱasȱdescribedȱbyȱChristiansenȱ&ȱSomersȱ(2006a).ȱ
Theȱ thinȱ electrodepositedȱ nickelȱ layerȱ preventsȱ repassivationȱ ofȱ theȱ stainlessȱ steelȱ andȱ
catalyzesȱ theȱdissociationȱofȱammoniaȱatȱ theȱ surface.ȱGaseousȱnitridingȱofȱ theȱ foilȱpiecesȱ
wasȱperformedȱinȱaȱNetzschȱSTAȱ449ȱF3ȱJupiterȱthermalȱanalyzerȱwithȱsamplesȱinȱceramicȱ
cruciblesȱusingȱammonia,ȱhydrogenȱandȱnitrogenȱgassesȱofȱ99.999%ȱpurity.ȱTotalȱflowȱratesȱ
ofȱ 155ȱ –ȱ 255ȱmL/minȱwereȱ usedȱwithȱ aȱ constantȱN2ȱ flowȱ ofȱ 5ȱmL/minȱ forȱ protectionȱ ofȱ
electronicsȱinȱtheȱmeasurementȱcompartment.ȱ
Aȱfullyȱnitridedȱsampleȱwasȱsynthesizedȱinȱanȱatmosphereȱofȱ97ȱvol.%ȱNH3ȱandȱ3ȱvol.%ȱ
N2ȱ (infiniteȱ nitridingȱ potential)ȱ atȱ 693ȱ Kȱ forȱ 13ȱ hours.ȱ Threeȱ additionalȱ samplesȱ wereȱ
synthesizedȱwithȱ nitridingȱ potentials,ȱ KN,ȱ adjustedȱ toȱ 2.40,ȱ 0.07ȱ andȱ 0ȱ (atmȬ1/2)ȱ afterȱ fullȱ
saturationȱwasȱachieved,ȱanalogousȱtoȱtheȱlowȬnitrogenȱsampleȱinȱSectionȱ6.1.ȱTheȱnitridedȱ
foilsȱwereȱ powderedȱwithȱ ultraȬsoundȱwhileȱ submergedȱ inȱ ethanolȱ andȱdriedȱ inȱ air.ȱAsȱ
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reference,ȱ aȱ sampleȱ ofȱ ·’ȬFe4Nȱwasȱ preparedȱ byȱ nitridingȱ ironȱ powderȱ (99.0+%ȱ purity,ȱ
GoodfellowȱCambridgeȱLtd.)ȱwithȱaȱmeanȱparticleȱsizeȱofȱ6ȱ–ȱ8ȱΐm.ȱ
Forȱdeterminationȱofȱ theȱ latticeȱparameter,ȱdiffractionȱpatternsȱwereȱrecordedȱwithȱanȱ
AgilentȱSuperNovaȱdiffractometerȱwithȱanȱAtlasȱS2ȱCCDȱdetectorȱusingȱMoȱK΅ȱ radiationȱ
andȱ calibratedȱ withȱ aȱ LaB6ȱ standard,ȱ withȱ samplesȱ mountedȱ onȱ adhesiveȱ tapeȱ (seeȱ
AppendixȱB.1,ȱFigureȱB.9).ȱTheȱnitrogenȱcontentȱasȱdeterminedȱfromȱtheȱlatticeȱparameterȱisȱ
givenȱ inȱTableȱ6.5.ȱSimilarȱ toȱ theȱ lowȬnitrogenȱ sampleȱ inȱSectionȱ6.1,ȱ theȱobtainedȱ latticeȱ
parameterȱforȱzeroȱnitrogenȱpotentialȱisȱbelowȱtheȱminimumȱvalueȱinȱtheȱreportedȱrelationȱ
betweenȱ latticeȱparameterȱandȱ interstitialȱnitrogenȱoccupancy,ȱyNȱ (Christiansenȱ&ȱSomers,ȱ
2006a).ȱConsequently,ȱtheȱrelationȱvalidȱforȱlowȱinterstitialȱcontents,ȱasȱreportedȱforȱcarbonȬ
expandedȱausteniteȱ(Hummelshøjȱetȱal.,ȱ2010),ȱwasȱusedȱforȱthisȱsample,ȱyieldingȱaȱvalueȱinȱ
approximateȱagreementȱwithȱthermogravimetricȱresults.ȱ
ȱ
Tableȱ6.5:ȱNitridingȱpotentialȱ(KN),ȱinterstitialȱoccupancy
ofȱ nitrogenȱ (yN)ȱ andȱ stackingȱ faultȱ probabilityȱ (΅sf)ȱ of
synthesizedȱsamplesȱofȱnitrogenȱexpandedȱaustenite.ȱ
KNȱ[atmȬ1/2]ȱ yNȱ ΅sfȱ
ǈȱ 0.55ȱ 0.03ȱ
2.40ȱ 0.38ȱ 0.01ȱ
0.07ȱ 0.29ȱ 0.02ȱ
0ȱ 0.13ȱ 0.01ȱ
ȱ
VibratingȱsampleȱmagnetometryȱwasȱperformedȱwithȱaȱLakeȱShoreȱCryotronicsȱ7400ȱSeriesȱ
Vibratingȱ Sampleȱ Magnetometerȱ (VSM)ȱ equippedȱ withȱ eitherȱ aȱ singleȬstageȱ variableȱ
temperatureȱ optionȱ (modelȱ 74035)ȱ orȱ aȱ lowȬtemperatureȱ variableȱ temperatureȱ cryostatȱ
(modelȱ 74018).ȱ Theȱ 57FeȱMössbauerȱ spectraȱ wereȱ recordedȱ usingȱ conventionalȱ constantȱ
accelerationȱspectrometersȱwithȱsourcesȱofȱ57CoȱinȱRhȱonȱsamplesȱmixedȱwithȱboronȱnitrideȱ
powder.ȱ Spectraȱ obtainedȱ atȱ lowȱ temperaturesȱwereȱ recordedȱ inȱ aȱ closedȱ cycleȱ heliumȱ
refrigeratorȱ (APDȱCryogenics)ȱ andȱ isomerȱ shiftsȱ areȱ givenȱwithȱ respectȱ toȱ ΅ȬFeȱ atȱ roomȱ
temperature.ȱMössbauerȱspectraȱwereȱfittedȱwithȱLorentzianȱdoubletsȱconstrainedȱtoȱequalȱ
widthȱ andȱ intensityȱ ofȱ theȱ twoȱ linesȱ andȱ sextetsȱ wereȱ fittedȱ withȱ Voigtȱ lineȱ profilesȱ
constrainedȱ toȱanȱ intensityȱ ratioȱofȱ3:2:1:1:2:3,ȱwithȱ theȱGaussianȱ componentȱdescribingȱaȱ
distributionȱinȱhyperfineȱfields.ȱIsomerȱshiftsȱwereȱfittedȱseparatelyȱforȱeachȱcomponentȱandȱ
quadrupoleȱshiftsȱfixedȱtoȱzero.ȱ
6.4.2 Resultsȱandȱinterpretationȱ
MagneticȱhysteresisȱcurvesȱmeasuredȱatȱroomȱtemperatureȱareȱpresentedȱinȱFigureȱ6.18(a).ȱ
Similarlyȱ toȱ·’ȬFe4N,ȱexpandedȱausteniteȱofȱ intermediateȱnitrogenȱcontentsȱ (yNȱ=ȱ0.29ȱandȱ
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0.38)ȱdisplayȱonlyȱveryȱ limitedȱhysteresisȱandȱcanȱ thusȱbeȱclassifiedȱasȱsoftȱ ferromagnets.ȱ
Theȱ specificȱ saturationȱ magnetizationȱ forȱ theȱ twoȱ compositionsȱ isȱ equalȱ withinȱ
experimentalȱ accuracyȱ butȱ significantlyȱ lowerȱ thanȱ forȱ ·’ȬFe4Nȱ (Tableȱ 6.6).ȱNoteȱ thatȱ theȱ
situationȱisȱreversedȱatȱlowȱexternalȱfields,ȱwithȱexpandedȱausteniteȱexhibitingȱtheȱhighestȱ
magnetization.ȱȱ
ȱ
Figureȱ 6.18:ȱ a)ȱ Magneticȱ hysteresisȱ curvesȱ forȱ expandedȱ austeniteȱ andȱ ·’ȬFe4Nȱ atȱ roomȱ
temperatureȱandȱb)ȱspecificȱmagnetizationȱversusȱtemperatureȱatȱB0ȱ=ȱ0.05ȱTȱmeasuredȱatȱaȱcoolingȱ
rateȱofȱ1.5ȱK/min.ȱForȱclarityȱonlyȱeveryȱ30thȱmeasurementȱpointȱorȱ lessȱ isȱshownȱexceptȱ forȱ theȱ
insetȱinȱa).ȱNoteȱtheȱbreakȱinȱtheȱtemperatureȱscaleȱinȱb).ȱ
Forȱbothȱ lowȱandȱhighȱnitrogenȱcontentsȱ (yNȱ=ȱ0.13ȱandȱ0.55),ȱonlyȱaȱsmallȱ ferromagneticȱ
contributionȱ isȱapparentȱ fromȱ theȱhysteresisȱ curves.ȱThisȱ isȱdueȱ toȱ theȱpresenceȱofȱ ferriteȱ
impurities,ȱ whichȱ wasȱ verifiedȱ byȱ XȬrayȱ diffractionȱ forȱ yNȱ =ȱ 0.13ȱ (notȱ shown).ȱ Ferriteȱ
impuritiesȱ areȱ likelyȱ presentȱ inȱ allȱ samples,ȱ butȱ forȱ higherȱ nitrogenȱ contentsȱ Braggȱ
reflectionsȱ areȱ overlappedȱ withȱ theȱ broadenedȱ andȱ shiftedȱ reflectionsȱ fromȱ expandedȱ
austenite.ȱForȱ lowȱandȱhighȱnitrogenȱcontentsȱexpandedȱausteniteȱ isȱ thusȱparamagneticȱatȱ
roomȱ temperature.ȱ Noȱ distinctȱ magneticȱ transitionȱ wasȱ observedȱ fromȱ magnetizationȱ
curvesȱmeasuredȱdownȱtoȱ80ȱKȱ(Figureȱ6.18b).ȱȱ
ȱ
Tableȱ6.6:ȱCurieȱtemperatureȱ(TC)ȱandȱspecificȱsaturationȱmagnetizationȱ(Ηs)ȱatȱRTȱinȱanȱappliedȱfieldȱofȱB0ȱ=ȱ
1.5ȱTȱdeterminedȱforȱnitrogenȱexpandedȱausteniteȱandȱ·’ȬFe4N.ȱValuesȱinȱparenthesesȱdenoteȱtheȱmaximumȱ
measuredȱmagnetizationȱforȱparamagneticȱsamples,ȱprimarilyȱcausedȱbyȱferriteȱimpurities.ȱ
Sampleȱ yNȱ=ȱ0.13ȱ yNȱ=ȱ0.29ȱ yNȱ=ȱ0.38ȱ yNȱ=ȱ0.55ȱ ·ȇȬFe4Nȱ
Ηsȱ[Am2/kg]ȱ (8)ȱ 105ȱ 106ȱ (9)ȱ 178ȱ
TCȱ[K]ȱ Ȭȱ 501ȱ 520ȱ <ȱ80ȱ 774ȱ
ȱ
Curieȱ temperatures,ȱ TC,ȱwereȱ determinedȱ asȱ theȱ zeroȬpointȱ ofȱ theȱ secondȱ derivativeȱ ofȱ
magnetizationȱ versusȱ temperatureȱ curvesȱ (Fabianȱ etȱ al.,ȱ 2013).ȱ Forȱ ·’ȬFe4Nȱ theȱ obtainedȱ
value,ȱTCȱ =ȱ 774ȱK,ȱ isȱ inȱ agreementȱwithȱ literature,ȱTCȱ =ȱ 767ȱ ±ȱ 10ȱKȱ (Shiraneȱ etȱal.,ȱ 1962).ȱ
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Similarlyȱ toȱ theȱ saturationȱ magnetization,ȱ Curieȱ temperaturesȱ forȱ theȱ ferromagneticȱ
compositionsȱofȱexpandedȱausteniteȱareȱlowerȱthanȱforȱ·’ȬFe4Nȱ(Tableȱ6.6).ȱ
Theȱabsenceȱofȱmagneticallyȱsplitȱcomponentsȱ inȱMössbauerȱspectraȱ forȱyNȱ=ȱ0.13ȱandȱ
0.55ȱ (Figureȱ6.19)ȱsupportȱ theȱresultsȱ fromȱmagnetizationȱmeasurements,ȱ i.e.ȱ forȱbothȱ lowȱ
andȱhighȱnitrogenȱcontentsȱexpandedȱausteniteȱisȱparamagneticȱatȱroomȱtemperature.ȱThisȱ
isȱalsoȱtheȱcaseȱforȱtheȱuntreatedȱausteniticȱstainlessȱsteel.ȱTheȱvolumeȱfractionȱofȱtheȱferriteȱ
impurityȱisȱsufficientlyȱlowȱtoȱbeȱindistinguishableȱfromȱtheȱbackground.ȱȱ
ȱ
Figureȱ 6.19:ȱ Mössbauerȱ spectraȱ recordedȱ atȱ roomȱ temperature.ȱ a)ȱ Comparisonȱ ofȱ AISIȱ 316ȱ
austeniticȱstainlessȱsteelȱ(yNȱ=ȱ0)ȱandȱexpandedȱausteniteȱwithȱlowȱ(yNȱ=ȱ0.13)ȱandȱhighȱ(yNȱ=ȱ0.55)ȱ
nitrogenȱ content.ȱ b+c)ȱ Spectraȱ andȱ fitsȱ forȱ intermediateȱ nitrogenȱ contentsȱ (yNȱ =ȱ 0.29ȱ andȱ 0.38).ȱ
eȬf)ȱ Fitsȱ ofȱ spectraȱ recordedȱ atȱ aȱ reducedȱ velocityȱ rangeȱ forȱAISIȱ 316,ȱ lowȱ andȱ highȱ nitrogenȱ
contents.ȱ ȱFitsȱareȱpresentedȱasȱblackȱlinesȱandȱtheȱ individualȱsextetȱandȱdoubletȱcomponentsȱasȱ
greyȱlines.ȱ
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Inȱ Mössbauerȱ spectraȱ ofȱ ·ȬFeȱ aȱ singletȱ shouldȱ beȱ theȱ onlyȱ observedȱ component,ȱ butȱ
additionalȱalloyingȱelementsȱresultȱ inȱquadrupoleȱsplitȱdoubletsȱdueȱ toȱ localȱvariationsȱ inȱ
symmetry.ȱNearestȱandȱsecondȱnearestȱneighborȱconfigurationsȱofȱbothȱsubstitutionalȱandȱ
interstitialȱ elementsȱ affectȱ theȱmagnitudeȱ ofȱ theȱ quadrupoleȱ splittingȱ (Cook,ȱ 1987).ȱ Theȱ
spectrumȱ ofȱ theȱ untreatedȱ steelȱ canȱ beȱ reasonablyȱ describedȱ byȱ aȱ singleȱ doubletȱ (·0)ȱ
averagingȱtheseȱeffectsȱ(Figureȱ6.19d).ȱ
ȱ
Tableȱ6.7:ȱ Isomerȱshiftȱ (Έ),ȱquadrupoleȱ splittingȱ (̇EQ)ȱandȱ relativeȱ contributionȱ (fi)ȱofȱ
doubletsȱ designatedȱ ·0,ȱ ·I,ȱ ·II,ȱ ·IV΅ȱ andȱ ·IVΆȱ fittedȱ toȱMössbauerȱ spectraȱ ofȱAISIȱ 316ȱ
austeniticȱstainlessȱsteelȱ(yNȱ=ȱ0)ȱandȱexpandedȱausteniteȱwithȱlowȱ(yNȱ=ȱ0.13)ȱandȱhighȱ
(yNȱ=ȱ0.55)ȱnitrogenȱcontentȱatȱRT.ȱ
Sampleȱ yNȱ=ȱ0ȱ yNȱ=ȱ0.13ȱ yNȱ=ȱ0.55ȱ
·0ȱ
Έȱ[mm/s]ȱ Ȭ0.079ȱ Ȭ0.014ȱ Ȭȱ
̇EQȱ[mm/s]ȱ 0.16ȱ 0.15ȱ Ȭȱ
fȱȱ[%]ȱ 100ȱ 47.3ȱ Ȭȱ
·Iȱ
Έȱ[mm/s]ȱ Ȭȱ 0.044ȱ Ȭȱ
̇EQȱ[mm/s]ȱ Ȭȱ 0.44ȱ Ȭȱ
fȱȱ[%]ȱ Ȭȱ 52.7ȱ Ȭȱ
·IIȱ
Έȱ[mm/s]ȱ Ȭȱ Ȭȱ 0.20ȱ
̇EQȱ[mm/s]ȱ Ȭȱ Ȭȱ 0.79ȱ
fȱȱ[%]ȱ Ȭȱ Ȭȱ 36.0ȱ
·IV΅ȱ
Έȱ[mm/s]ȱ Ȭȱ Ȭȱ 0.51ȱ
̇EQȱ[mm/s]ȱ Ȭȱ Ȭȱ 0.67ȱ
fȱȱ[%]ȱ Ȭȱ Ȭȱ 31.6ȱ
·IVΆȱ
Έȱ[mm/s]ȱ Ȭȱ Ȭȱ 0.52ȱ
̇EQȱ[mm/s]ȱ Ȭȱ Ȭȱ 0.33ȱ
fȱȱ[%]ȱ Ȭȱ Ȭȱ 32.4ȱ
ȱ
FittingȱtheȱMössbauerȱspectrumȱforȱexpandedȱausteniteȱwithȱyNȱ=ȱ0.13ȱrequiresȱ(atȱleast)ȱoneȱ
additionalȱcomponentȱ(Figureȱ6.19e).ȱThisȱdoubletȱ(·I)ȱcanȱbeȱattributedȱtoȱironȱatomsȱwithȱ
oneȱ nitrogenȱ nearestȱ neighborȱ (Odaȱ etȱ al.,ȱ 1990).ȱ Theȱ relativeȱ contributionsȱ ofȱ theȱ twoȱ
doubletȱ componentsȱ correspondingȱ toȱ zeroȱ andȱ oneȱ Nȱ neighborȱ yieldsȱ anȱ averageȱ
coordinationȱnumberȱofȱcNȱ=ȱ0.53ȱ forȱFe.ȱSinceȱ theȱ totalȱ interstitialȱcontentȱ isȱyNȱ=ȱ0.13ȱ theȱ
coordinationȱnumberȱ isȱ lowerȱ thanȱ expectedȱ forȱ aȱ randomȱdistributionȱ ofȱnitrogenȱ (cNȱ =ȱ
0.78).ȱ Theȱ valueȱ does,ȱ however,ȱ agreeȱ favorablyȱ withȱ previousȱ EXAFSȱ results,ȱ whichȱ
showedȱthatȱnitrogenȱpreferentiallyȱcoordinatesȱtoȱchromiumȱ(Oddershedeȱetȱal.,ȱ2010).ȱTheȱ
shortȱrangeȱorderingȱbetweenȱNȱandȱCrȱeffectivelyȱreducesȱtheȱcoordinationȱnumberȱofȱFe.ȱ
ForȱhighȱnitrogenȱcontentsȱtheȱMössbauerȱspectrumȱisȱfittedȱwithȱthreeȱdoubletsȱ(Figureȱ
6.19f).ȱTheȱ correspondingȱFeȱ environmentsȱ canȱbeȱ interpretedȱ inȱ termsȱofȱ aȱpointȱ chargeȱ
approximationȱ (Odaȱ etȱal.,ȱ1990):ȱTheȱ firstȱcomponentȱ (·II)ȱcorrespondsȱ toȱFeȱwithȱ twoȱNȱ
80ȱ Chapterȱ6ȱExpandedȱaustenite:ȱThermalȱexpansion,ȱdecompositionȱandȱmagnetism
ȱ
neighborsȱatȱoppositeȱoctahedralȱsites,ȱ i.e.ȱseparatedȱbyȱ180°.ȱTheȱ twoȱadditionalȱdoubletsȱ
haveȱquadrupoleȱsplittingsȱinȱaȱ2:1ȱratioȱandȱsimilarȱisomerȱshifts,ȱwhichȱareȱlargerȱthanȱforȱ
anyȱofȱtheȱpreviousȱdoubletsȱ(Tableȱ6.7).ȱTheseȱobservationsȱareȱconsistentȱwithȱFeȱhavingȱ
fourȱ Nȱ nearestȱ neighbors.ȱ Theȱ nitrogenȱ atomsȱ mayȱ eitherȱ beȱ arrangedȱ inȱ aȱ planarȱ
configurationȱwhereȱtheȱtwoȱremainingȱemptyȱsitesȱareȱseparatedȱbyȱ180°,ȱonȱoppositeȱsidesȱ
ofȱ Feȱ (·IV΅),ȱ orȱwithȱ twoȱ adjacentȱ emptyȱ sites,ȱ separatedȱ byȱ 90°ȱ (·IVΆ).ȱTheȱ coordinationȱ
numberȱ calculatedȱ fromȱ theȱ relativeȱ contributionsȱofȱ theȱdoubletȱ componentsȱ isȱ cNȱ =ȱ 3.3,ȱ
whichȱ isȱ theȱexpectedȱvalueȱforȱaȱtotalȱnitrogenȱcontentȱyNȱ=ȱ0.55.ȱThisȱsuggestsȱthatȱshortȱ
rangeȱorderȱbetweenȱCrȱandȱNȱisȱnotȱdominantȱinȱtheȱinterstitialȱorderingȱforȱhighȱnitrogenȱ
contents.ȱ
Forȱ theȱ samplesȱofȱ intermediateȱnitrogenȱ contentȱ (yNȱ=ȱ0.29ȱandȱ38)ȱ theȱmagneticallyȱ
splitȱspectraȱcouldȱnotȱbeȱfittedȱwithȱaȱreasonableȱnumberȱofȱ individualȱsextets.ȱThereforeȱ
twoȱcomponentsȱwereȱused,ȱeachȱwithȱaȱGaussianȱdistributionȱinȱhyperfineȱfields,ȱshownȱinȱ
Figureȱ 6.19(b+c).ȱ Theȱ twoȱ componentsȱ doȱ notȱ haveȱ anyȱ physicalȱ meaningȱ butȱ wereȱ
necessaryȱ inȱ orderȱ toȱ obtainȱ reasonableȱ approximateȱ fits.ȱ Theȱ averageȱ isomerȱ shiftsȱ areȱ
betweenȱ thoseȱ ofȱ expandedȱ austeniteȱwithȱ lowȱ andȱhighȱnitrogenȱ contents.ȱTheȱ averageȱ
hyperfineȱ fieldsȱ (Tableȱ 6.8)ȱ areȱ somewhatȱ lowerȱ thanȱ typicallyȱ foundȱ forȱFeȱwithȱ twoȱNȱ
nearestȱ neighborsȱ inȱ ·’ȬFe4N,ȱ whichȱ isȱ betweenȱ 21.4ȱ andȱ 22.0ȱ Tȱ (Blancáȱ etȱ al.,ȱ 2009).ȱ
Comparedȱ toȱ theȱ orderedȱ ironȱ nitride,ȱ theȱ lackȱ ofȱ wellȬdefinedȱ sextetsȱ forȱ expandedȱ
austeniteȱindicatesȱaȱmoreȱcomplicatedȱ(disordered)ȱstructure.ȱ
ȱ
Tableȱ6.8:ȱHyperfineȱfieldȱ(Bhf)ȱandȱisomerȱshiftȱ(Έ)ȱofȱsextetsȱfittedȱtoȱMössbauerȱspectraȱatȱ15ȱKȱofȱ
AISIȱ316ȱausteniticȱstainlessȱsteelȱ(yNȱ=ȱ0)ȱandȱexpandedȱausteniteȱwithȱyNȱ=ȱ0.13.ȱForȱyNȱ=ȱ0.29,ȱ0.38ȱ
andȱ0.55ȱtwoȱcomponentsȱwithȱGaussianȱdistributionȱofȱhyperfineȱfieldsȱwereȱappliedȱandȱaverageȱ
valuesȱareȱgiven.ȱCorrespondingȱroomȱtemperatureȱvaluesȱareȱmarkedȱbyȱ(*).ȱ
Sampleȱ yNȱ=ȱ0ȱ yNȱ=ȱ0.13ȱ yNȱ=ȱ0.29ȱ yNȱ=ȱ0.38ȱ yNȱ=ȱ0.55ȱ
Bhfȱ[T]ȱ 1.80ȱ 2.51ȱ 24.9ȱ(8)ȱ 23.7ȱ(10)ȱ 19.4ȱ(4)ȱ
ȱ ȱ ȱ 19.0ȱ(10)*ȱ 18.1ȱ(9)*ȱ ȱ
Έȱ[mm/s]ȱ 0.01ȱ 0.11ȱ 0.37ȱ(2)ȱ 0.49ȱ(2)ȱ 0.62ȱ(2)ȱ
ȱ ȱ ȱ 0.23ȱ(2)*ȱ 0.33ȱ(2)*ȱ ȱ
ȱ
Comparedȱ toȱ theȱ roomȱ temperatureȱMössbauerȱspectrum,ȱbroadeningȱ isȱobservedȱ forȱ theȱ
untreatedȱ steelȱ atȱ 15ȱ Kȱ (Figureȱ 6.20a).ȱ Theȱ broadeningȱ isȱ dueȱ toȱ aȱ transitionȱ fromȱ aȱ
paramagneticȱ toȱanȱantiferromagneticȱ stateȱbelowȱaboutȱ23ȱKȱ (Flansburgȱ&ȱHershkowitz,ȱ
1970).ȱ Broadeningȱ isȱ alsoȱ observedȱ forȱ expandedȱ austeniteȱwithȱ yNȱ =ȱ 0.13,ȱ presumablyȱ
causedȱ byȱ anȱ antiferromagneticȱ transition.ȱBothȱ spectraȱ areȱ fittedȱwithȱ oneȱ sextet,ȱ butȱ aȱ
largerȱ hyperfineȱ fieldȱ isȱ observedȱ forȱ expandedȱ austenite.ȱ Theȱ onlyȱ evidentȱ changeȱ forȱ
intermediateȱnitrogenȱcontentsȱisȱanȱ increaseȱofȱaverageȱ isomerȱshiftsȱandȱhyperfineȱfieldsȱ
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comparedȱ toȱ roomȱ temperatureȱ values.ȱUnlikeȱ expandedȱ austeniteȱwithȱ aȱ lowȱ nitrogenȱ
content,ȱ theȱ sampleȱ withȱ yNȱ =ȱ 0.55ȱ displaysȱ distinctȱ magneticȱ splittingȱ atȱ 15ȱ K.ȱ Theȱ
resemblanceȱofȱ theȱspectrumȱ toȱ thoseȱofȱyNȱ=ȱ0.29ȱandȱ38ȱsuggestsȱ ferromagneticȱorderingȱ
butȱwithȱ aȱ lowerȱ averageȱ hyperfineȱ field.ȱ Sinceȱ noȱ distinctȱ transitionȱwasȱ observedȱ inȱ
magnetizationȱmeasurements,ȱtheȱCurieȱtemperatureȱmustȱbeȱbetweenȱ15ȱandȱ80ȱK.ȱ
ȱ
Figureȱ6.20:ȱMössbauerȱspectraȱ recordedȱatȱ15ȱK.ȱa)ȱComparisonȱofȱAISIȱ316ȱausteniticȱstainlessȱ
steelȱ (yNȱ=ȱ0)ȱandȱexpandedȱausteniteȱwithȱ lowȱ (yNȱ=ȱ0.13)ȱnitrogenȱ contentȱ fittedȱwithȱaȱ singleȱ
sextet.ȱbȬd)ȱSpectraȱandȱfitsȱforȱhighȱandȱintermediateȱnitrogenȱcontentsȱ(yNȱ=ȱ0.55,ȱ0.29ȱandȱ0.38).ȱ
Fitsȱareȱpresentedȱasȱblackȱlinesȱandȱtheȱindividualȱsextetȱcomponentsȱasȱgreyȱlines.ȱ
6.4.3 Discussionȱ
SinceȱMössbauerȱspectraȱforȱparamagneticȱexpandedȱausteniteȱareȱnotȱwellȬresolved,ȱotherȱ
interpretationsȱ involvingȱ additionalȱ componentsȱ thanȱ theȱ currentlyȱ appliedȱdoubletsȱ areȱ
possible.ȱExactȱ interpretationsȱareȱcomplicatedȱbyȱ theȱ factȱ thatȱ theȱquadrupoleȱsplittingȱ isȱ
notȱonlyȱaffectedȱbyȱtheȱnumberȱandȱconfigurationȱofȱneighboringȱnitrogenȱatomsȱ(Odaȱetȱ
al.,ȱ 1990),ȱ butȱ alsoȱ interstitialȱ secondȱ nearestȱ neighborsȱ (Fallȱ &ȱ Génin,ȱ 1991)ȱ andȱ
surroundingȱ substitutionalȱ elementsȱ (Cook,ȱ 1987).ȱ Overallȱ changesȱ inȱ symmetryȱ ofȱ theȱ
octahedralȱcoordinationȱenvironmentȱshouldȱalsoȱbeȱtakenȱintoȱaccount,ȱsinceȱanȱapparentȱ
deviationȱ fromȱ cubicȱ symmetry,ȱasȱ evidencedȱbyȱXȬrayȱdiffraction,ȱ isȱoneȱofȱ theȱprimaryȱ
featuresȱofȱexpandedȱaustenite.ȱTheseȱeffectsȱcouldȱexplainȱwhyȱ theȱquadrupoleȱsplittingsȱ
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ofȱcomponentȱ·IIȱandȱ·IV΅ȱareȱnotȱequalȱasȱexpectedȱfromȱaȱpointȱchargeȱapproximation.ȱItȱ
should,ȱ however,ȱ beȱ notedȱ thatȱ thisȱ approximationȱ isȱ notȱ completelyȱ validȱ evenȱ inȱ theȱ
absenceȱofȱsubstitutionalȱelementsȱ(Odaȱetȱal.,ȱ1990).ȱ
TheȱlackȱofȱaȱcomponentȱattributedȱtoȱironȱsurroundedȱbyȱthreeȱnitrogenȱatomsȱforȱyNȱ=ȱ
0.55ȱsignifiesȱaȱclearȱdeviationȱfromȱaȱrandomȱdistributionȱofȱnitrogen.ȱInterstitialȱorderingȱ
isȱ expectedȱ toȱ causeȱ additionalȱ reflectionsȱ (systematicallyȱ extinctȱ forȱ f.c.c.ȱ structures)ȱ inȱ
diffractionȱpatterns,ȱasȱisȱtheȱcaseȱforȱtheȱprimitiveȱcubicȱstructureȱofȱ·’ȬFe4N.ȱForȱexpandedȱ
austeniteȱ theseȱ reflectionsȱhaveȱconsistentlyȱnotȱbeenȱobservedȱwithȱXȬrayȱdiffractionȱbutȱ
haveȱbeenȱreportedȱ fromȱselectedȬareaȱelectronȱdiffractionȱ(Jiangȱ&ȱMeletis,ȱ2000).ȱAȱcloseȱ
inspectionȱofȱtheȱXȬrayȱdiffractogramȱforȱyNȱ=ȱ0.55ȱdoesȱrevealȱtheȱpresenceȱofȱ110ȱandȱ112ȱ
reflectionsȱ (Figureȱ 6.21).ȱ Theȱ slightȱ discrepancyȱ inȱ idealȱ andȱ actuallyȱ observedȱ peakȱ
positionsȱisȱaȱcommonȱfeatureȱforȱexpandedȱaustenite.ȱȱ
ȱ
ȱ
Figureȱ6.21:ȱXȬrayȱdiffractogramȱofȱexpandedȱausteniteȱwithȱyNȱ=ȱ0.55ȱ(left)ȱandȱidealȱpositionsȱofȱ
110ȱ andȱ 112ȱ reflections,ȱmarkedȱ asȱverticalȱ linesȱ forȱ yNȱ =ȱ 0.55ȱ andȱ yNȱ =ȱ 0.38ȱ (right).ȱDiffractionȱ
peaksȱatȱtheseȱpositionsȱareȱonlyȱobservedȱforȱyNȱ=ȱ0.55ȱ(backgroundȱ isȱsubtractedȱbutȱshownȱ inȱ
theȱ insets).ȱ Noteȱ that,ȱ althoughȱ diffractogramsȱ containȱ bothȱ K΅1ȱ andȱ K΅2ȱ components,ȱ theȱ
conversionȱtoȱqȬspaceȱisȱdoneȱwithȱaȱsingleȱintensityȬaveragedȱwavelength,ȱΏȱ=ȱ0.7107ȱÅ.ȱ
ȱ
Theȱstructureȱofȱ·’ȬFe4N,ȱinȱwhichȱFeȱhasȱeitherȱzeroȱorȱtwoȱNȱneighbors,ȱcanȱbeȱconsideredȱ
asȱ anȱ f.c.c.ȱ arrangementȱ ofȱ FeȱwithȱNȱ inȱ theȱ bodyȬcenteredȱ octahedralȱ site.ȱAȱ structureȱ
composedȱofȱmetalȱatomsȱwithȱonlyȱ twoȱorȱ fourȱnitrogenȱneighborsȱ (componentsȱ·IIȱandȱ
·IV΅)ȱcanȱbeȱrealizedȱwithȱadditionalȱNȱinȱoctahedralȱsitesȱonȱoneȱsetȱofȱparallelȱcubeȱedges.ȱ
Additionalȱ reflectionsȱ indicatingȱ aȱ largerȱ unitȱ cell,ȱ whichȱ isȱ requiredȱ forȱ anȱ orderedȱ
structureȱ incorporationȱ alsoȱ componentȱ ·IVΆ,ȱwereȱnotȱ observed.ȱThisȱ arrangementȱmustȱ
thereforeȱbeȱrealizedȱbyȱshortȱrangeȱordering.ȱ
ȱ
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Isomerȱshiftsȱofȱtheȱfittedȱcomponentsȱincreaseȱbothȱasȱaȱresultȱofȱlatticeȱexpansion,ȱwhichȱ
reducesȱ theȱ sȬelectronȱdensityȱ atȱ theȱ ironȱnuclei,ȱ andȱwithȱ increasedȱnumberȱofȱnitrogenȱ
neighbors.ȱTheȱ increaseȱ causedȱbyȱnitrogenȱnearestȱneighborsȱmayȱbeȱexplainedȱ fromȱanȱ
increasedȱscreeningȱeffectȱfromȱdȬelectronsȱdueȱ toȱhybridizationȱofȱnitrogenȱ2pȱstatesȱwithȱ
theȱironȱ3dȱbandȱasȱinȱ·’ȬFe4Nȱ(Sifkovitsȱetȱal.,ȱ1999).ȱ
TheȱCurieȱtemperaturesȱdeterminedȱforȱyNȱ=ȱ0.29ȱandȱ0.38ȱ(501ȱandȱ520ȱK,ȱrespectively)ȱ
areȱ lowerȱ thanȱ theȱ temperatureȱ aroundȱ 560ȱK,ȱ atȱwhichȱ aȱ changeȱ inȱ thermalȱ expansionȱ
coefficientsȱwasȱ observedȱ forȱ yNȱ =ȱ 0.33ȱ (Sectionȱ 6.2.3).ȱAsȱ seenȱ fromȱ Figureȱ 6.18(b),ȱ theȱ
magneticȱtransitionȱ isȱnotȱsharplyȱdefinedȱandȱaȱfullyȱparamagneticȱstateȱ isȱonlyȱachievedȱ
aboveȱ550ȱK.ȱThisȱ indicatesȱ thatȱ theȱ changeȱ inȱ expansionȱ coefficientȱ isȱ indeedȱ causedȱbyȱ
variationsȱinȱmagneticȱproperties.ȱ
Theȱ coefficientsȱofȱ (linear)ȱ thermalȱ expansionȱ forȱallȱ (expanded)ȱausteniteȱphasesȱ areȱ
presentedȱ inȱ Figureȱ 6.22ȱ versusȱ latticeȱ parameter,ȱ a,ȱ atȱ roomȱ temperature.ȱ Theȱ latticeȱ
parameterȱ isȱ relatedȱ toȱ theȱ interstitialȱ content,ȱ butȱdifferentȱ relationsȱ existȱ forȱ interstitialȱ
occupancyȱ ofȱ nitrogenȱ (Christiansenȱ &ȱ Somers,ȱ 2006a)ȱ andȱ carbonȱ (Hummelshøjȱ etȱ al.,ȱ
2010),ȱwithȱaȱsystematicallyȱlargerȱ latticeȱparameterȱforȱ·N.ȱForȱtheȱtwoȱsamplesȱofȱcarbonȱ
expandedȱ austenite,ȱ theȱ estimatedȱ interstitialȱ contentȱ (yCȱ =ȱ 0.18ȱ andȱ 0.22)ȱ exceedsȱ theȱ
reportedȱvalidityȱrangeȱofȱtheȱlinearȱrelationȱandȱthatȱofȱtheȱlowȬnitrogenȱsampleȱ(yNȱ=ȱ0.14)ȱ
isȱ belowȱ theȱminimumȱ valueȱ inȱ theȱ reportedȱ relation.ȱ Forȱ theȱ sampleȱ containingȱ bothȱ
nitrogenȱandȱcarbon,ȱanȱaverageȱvalueȱofȱtheȱtwoȱrelationsȱ(yCNȱ=ȱ0.24)ȱwasȱused,ȱwhichȱisȱ
anȱapproximationȱatȱbestȱ(theȱrespectiveȱvaluesȱofȱtheȱtwoȱrelationsȱareȱyCNȱ=ȱ0.21ȱandȱ0.28).ȱ
Therefore,ȱ theȱ representationȱ versusȱ latticeȱ parameter,ȱ whichȱ isȱ directlyȱ relatedȱ toȱ
experimentalȱresultsȱobtainedȱinȱthisȱwork,ȱwithoutȱapproximateȱconversions,ȱisȱpreferred.ȱ
ȱ
Figureȱ6.22:ȱCoefficientsȱofȱlinearȱthermalȱexpansionȱversusȱlatticeȱparameterȱatȱroomȱtemperatureȱ
(linearlyȱ relatedȱ toȱ theȱ interstitialȱ content)ȱ forȱexpandedȱausteniteȱ comparedȱ toȱ theȱvalueȱofȱ ·’Ȭ
Fe4Nȱ(Somersȱetȱal.,ȱ1989b).ȱDashedȱlinesȱareȱaddedȱtoȱguideȱtheȱeye.ȱ
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Theȱ relativelyȱ lowȱexpansionȱ coefficientȱ forȱ intermediateȱnitrogenȱ contentȱ isȱ theȱ resultȱofȱ
spontaneousȱvolumeȱmagnetostrictionȱinȱtheȱferromagneticȱstate.ȱThisȱisȱsimilarȱtoȱtheȱeffectȱ
responsibleȱforȱtheȱlowȱcoefficientȱofȱthermalȱexpansionȱforȱInvarȱalloysȱ(Pepperhoffȱ&ȱAcet,ȱ
2001),ȱalthoughȱtoȱaȱlesserȱextentȱforȱexpandedȱaustenite.ȱ
Spontaneousȱ volumeȱ magnetostrictionȱ mayȱ alsoȱ explainȱ whyȱ theȱ reportedȱ relationȱ
betweenȱ latticeȱ parameterȱ andȱ interstitialȱ contentȱ forȱ nitrogenȱ expandedȱ austeniteȱ
(Christiansenȱ&ȱSomers,ȱ2006a)ȱdoesȱnotȱincludeȱtheȱvalueȱforȱtheȱuntreatedȱsteelȱatȱyNȱ=ȱ0.ȱ
Theȱ ferromagneticȱ transitionȱ isȱ inducedȱbyȱ latticeȱexpansion.ȱNoȱsuchȱ transitionȱhasȱbeenȱ
reportedȱ forȱ carbonȱ expandedȱ austenite,ȱwhichȱ isȱ consistentȱwithȱ aȱ lowerȱ solubilityȱ ofȱ
carbonȱcomparedȱtoȱnitrogenȱȱ(Hummelshøjȱetȱal.,ȱ2010),ȱresultingȱinȱinsufficientȱexpansionȱ
ofȱ theȱ lattice.ȱEvaluatingȱ theȱdifferenceȱbetweenȱ latticeȱparameterȱ forȱnitrogenȱandȱcarbonȱ
expandedȱausteniteȱatȱyN/Cȱ=ȱ0.17ȱyieldsȱaȱspontaneousȱvolumeȱmagnetostrictionȱofȱ3.5%ȱatȱ
roomȱ temperature,ȱwhichȱ isȱhigherȱ thanȱ forȱ traditionalȱFeȬNiȱ Invarȱ alloysȱ (Hayaseȱ etȱal.,ȱ
1973).ȱExtrapolatingȱtheȱdifferenceȱbetweenȱparamagneticȱandȱferromagneticȱcoefficientsȱofȱ
thermalȱ expansionȱ forȱ yNȱ =ȱ 0.33ȱ (Sectionȱ 6.2.3)ȱ toȱ roomȱ temperatureȱ yieldsȱ aȱ lowerȱ
spontaneousȱ volumeȱ magnetostrictionȱ ofȱ 1.5%,ȱ consistentȱ withȱ aȱ decreasingȱ magneticȱ
contributionȱwithȱincreasingȱnitrogenȱcontent.ȱ
DashedȱlinesȱinȱFigureȱ6.22ȱcorrespondȱtoȱpossibleȱrelationsȱbetweenȱinterstitialȱcontentȱ
(initialȱ latticeȱparameter)ȱ andȱ expansionȱ coefficientsȱ forȱparamagneticȱ andȱ ferromagneticȱ
states.ȱTheȱvalueȱforȱ·’ȬFe4Nȱ(Somersȱetȱal.,ȱ1989b)ȱisȱincludedȱsinceȱtheȱlatticeȱparameterȱatȱ
roomȱ temperatureȱ coincideȱ withȱ thatȱ ofȱ expandedȱ austeniteȱ withȱ comparableȱ nitrogenȱ
content,ȱyNȱ=ȱ0.25ȱ(Christiansenȱ&ȱSomers,ȱ2006a).ȱSinceȱtheȱmagneticȱpropertiesȱofȱsamplesȱ
withȱyNȱ=ȱ0.29ȱandȱ38ȱareȱveryȱsimilar,ȱtheȱtrendsȱforȱintermediateȱnitrogenȱcontentsȱareȱnotȱ
completelyȱclear.ȱTheȱhigherȱCurieȱtemperatureȱobservedȱforȱyNȱ=ȱ0.38ȱcomparedȱtoȱyNȱ=ȱ0.29ȱ
indicatesȱ thatȱ theȱ minimumȱ inȱ expansionȱ coefficients,ȱ orȱ evenȱ possibleȱ multipleȱ localȱ
minima,ȱmayȱcorrespondȱtoȱdifferentȱcompositionsȱthanȱyNȱ=ȱ0.25.ȱ
Theȱ indicatedȱdecreasingȱ trendȱ forȱ paramagneticȱ samplesȱwithȱ increasingȱ interstitialȱ
contentȱmayȱintuitivelyȱbeȱexplainedȱfromȱtheȱconsiderationsȱmentionedȱinȱSectionȱ6.1.3.1:ȱ
Forȱ anȱ alreadyȱ substantiallyȱ expandedȱ lattice,ȱ additionalȱ thermalȱ contributionsȱ couldȱ beȱ
expectedȱ toȱ haveȱ aȱ relativelyȱ lowerȱ effect.ȱ Aȱ completeȱ descriptionȱ requiresȱ aȱ detailedȱ
understandingȱofȱ theȱcrystalȱstructureȱandȱ theȱanisotropicȱvibrationsȱ inȱ theȱcrystalȱ lattice,ȱ
whichȱisȱcurrentlyȱnotȱavailable.ȱ
ȱ
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6.5 Conclusionsȱ
Theȱ inȱ situȱ synchrotronȱ XȬrayȱ diffractionȱ investigationȱ ofȱ theȱ thermalȱ decompositionȱ ofȱ
expandedȱausteniteȱwithȱhighȱ(yNȱ=ȱ0.56)ȱandȱlowȱ(yNȱ=ȱ0.14)ȱnitrogenȱcontentȱshowsȱthatȱtheȱ
developmentȱofȱCrNȱisȱpromotedȱbyȱaȱhighȱnitrogenȱcontent.ȱForȱyNȱ=ȱ0.56ȱtheȱformationȱofȱ
CrNȱ isȱ accompaniedȱbyȱ theȱdevelopmentȱofȱ aȱ transitionalȱphaseȱwithȱ aȱnitrogenȱ contentȱ
correspondingȱ toȱM4Nȱ (yNȱ =ȱ 0.25),ȱ consistentȱwithȱ (discontinuous)ȱprecipitation.ȱ Forȱ lowȱ
nitrogenȱ contentsȱ CrNȱ formsȱ alongȱ withȱ ferrite,ȱ indicatingȱ aȱ eutectoidȱ transformation.ȱ
Thermalȱdecompositionȱ ofȱ carbonȱ expandedȱ austeniteȱ leadsȱ toȱ initialȱ formationȱ ofȱHäggȱ
carbideȱfollowedȱbyȱM7C3.ȱ
Interpretationȱ ofȱ diffractogramsȱ ofȱ nitrogenȱ expandedȱ austeniteȱ withȱ Rietveldȱ
refinementȱ necessitatedȱ theȱ implementationȱ ofȱWarren’sȱ approximationȱ forȱ theȱ effectȱ ofȱ
stackingȱ faultsȱonȱhklȬdependentȱshiftsȱofȱBraggȱreflections.ȱAlthoughȱ theȱcontributionsȱ toȱ
peakȱbroadeningȱwereȱnotȱspecificallyȱtakenȱintoȱaccount,ȱthisȱsimplifiedȱmodelȱallowsȱforȱaȱ
consistentȱ interpretationȱ ofȱ diffractionȱ data.ȱDeficienciesȱ inȱ theȱ stackingȱ faultȱmodelȱ areȱ
exploredȱinȱdetailȱinȱtheȱfollowingȱchapter.ȱ
Forȱbothȱlowȱandȱhighȱnitrogenȱcontents,ȱexpandedȱausteniteȱisȱparamagneticȱatȱroomȱ
temperatureȱwhileȱ ferromagnetismȱ isȱobservedȱ forȱ intermediateȱ contents.ȱTheȱanomalousȱ
variationȱ inȱ thermalȱ expansionȱ coefficientsȱwithȱ interstitialȱ contentȱ isȱ aȱ consequenceȱ ofȱ
spontaneousȱvolumeȱmagnetostrictionȱinȱtheȱferromagneticȱstate.ȱInȱtheȱparamagneticȱstate,ȱ
theȱdecreaseȱinȱthermalȱexpansionȱcoefficientȱwithȱincreasingȱnitrogenȱcontentȱisȱattributedȱ
toȱ theȱ additionalȱ expansionȱ ofȱ theȱ latticeȱ dueȱ toȱ interstitialȱ atoms.ȱ Accordingly,ȱ theȱ
contributionȱofȱthermalȱvibrationsȱtoȱtheȱexpansionȱofȱtheȱlatticeȱbecomesȱlessȱpronounced.ȱ
Variationsȱ inȱ thermalȱ expansionȱ coefficientsȱ haveȱ practicalȱ implicationsȱ forȱ surfaceȱ
layersȱ ofȱ expandedȱ austenite.ȱ Inȱ additionȱ toȱ compositionalȱ stresses,ȱ aȱ thermallyȱ inducedȱ
stressȱprofileȱmayȱdevelopȱduringȱcoolingȱfromȱtheȱtreatmentȱtemperature.ȱForȱallȱcurrentlyȱ
investigatedȱ compositions,ȱ expandedȱ austeniteȱ isȱ paramagneticȱ atȱ theȱ appliedȱ nitridingȱ
temperature.ȱ Theȱ Curieȱ temperature,ȱ andȱ henceȱ theȱ onsetȱ ofȱ spontaneousȱ volumeȱ
magnetostriction,ȱdependsȱonȱnitrogenȱcontent.ȱTheȱresultingȱchangeȱinȱthermalȱexpansionȱ
coefficientȱaddsȱadditionalȱcomplexityȱtoȱtheȱstressȱprofile.ȱ
ȱ
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Thereȱisȱcurrentlyȱnoȱconsistentȱstructuralȱdescriptionȱofȱexpandedȱausteniteȱthatȱaccountsȱ
forȱ theȱhklȬdependentȱshiftsȱandȱbroadeningȱobservedȱ inȱdiffractionȱexperiments.ȱTheȱbestȱ
availableȱdescription,ȱfirstȱproposedȱbyȱSunȱetȱal.ȱ(1999),ȱandȱvalidȱforȱtheȱ111,ȱ200ȱandȱ220ȱ
peaksȱ ofȱ homogeneousȱ samplesȱ (Christiansenȱ &ȱ Somers,ȱ 2004),ȱ isȱ anȱ f.c.c.ȱ latticeȱ withȱ
stackingȱ faultsȱ contributingȱ toȱ systematicȱdeviationsȱofȱdiffractionȱpeaksȱ asȱdescribedȱbyȱ
Warrenȱ (1969).ȱTheȱmostȱprominentȱ complicatingȱ featuresȱofȱdiffractogramsȱofȱexpandedȱ
austeniteȱ isȱ theȱanomalousȱpositionȱofȱ theȱ200ȱpeak,ȱwhichȱ isȱ shiftedȱ toȱ lowerȱdiffractionȱ
anglesȱ comparedȱ toȱ anȱ idealȱ f.c.c.ȱ lattice,ȱ andȱ theȱ anisotropicȱ broadening,ȱwhichȱ isȱ leastȱ
pronouncedȱforȱtheȱ111ȱpeak.ȱ
Fewellȱ &ȱ Priestȱ (2008)ȱ reviewedȱ tenȱ plausibleȱ candidateȱ structuresȱ onȱ theȱ basisȱ ofȱ
synchrotronȱXȬrayȱ diffractionȱ onȱ samplesȱ ofȱ anȱ expandedȱ austeniteȱ zoneȱ grownȱ intoȱ anȱ
austeniteȱ substrate.ȱ Forȱ suchȱ samples,ȱ theȱ resultingȱ compositionalȱ inhomogeneityȱ andȱ
inducedȱmacrostressȱgradientȱoverȱ theȱexpandedȱausteniteȱzoneȱcomplicatesȱ theȱanalysis,ȱ
sinceȱtheseȱtwoȱeffectsȱalsoȱcauseȱpeakȱshiftsȱandȱbroadening.ȱHigherȱorderȱreflections,ȱupȱ
toȱ 622,ȱwereȱ availableȱdueȱ toȱ theȱ useȱ ofȱ synchrotronȱ radiation.ȱTheȱ evaluatedȱ structuralȱ
modelsȱincludedȱproposedȱtetragonalȱ(Angeliniȱetȱal.,ȱ1988)ȱandȱtriclinicȱ(Fewellȱetȱal.,ȱ2000)ȱ
latticesȱamongstȱothers,ȱsinceȱobservedȱbroadeningȱmayȱbeȱcausedȱbyȱdeformationȬinducedȱ
splittingȱofȱdiffractionȱpeaks.ȱItȱshouldȱbeȱnotedȱthatȱtheȱanalysisȱbyȱFewellȱ&ȱPriestȱneglectsȱ
negativeȱvaluesȱofȱMillerȱindices.ȱTheyȱclaim,ȱforȱexample,ȱthatȱtheȱ111ȱreflectionȱisȱnotȱsplitȱ
onȱ deformingȱ anȱ f.c.c.ȱ structureȱ toȱ monoclinic,ȱ equalȬsidedȱ triclinicȱ orȱ rhombohedralȱ
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lattices.ȱItȱ is,ȱhowever,ȱquiteȱstraightforwardȱtoȱshowȱ thatȱ inȱgeneralȱ(111)ȱƾȱ(111–)ȱƾȱ(11–1)ȱƾȱȱ
(1–11)ȱ inȱ theȱ triclinicȱ caseȱ andȱ thatȱ bothȱmonoclinicȱ andȱ rhombohedralȱ deformationȱ alsoȱ
leadsȱ toȱ splitȱ reflections.ȱ Forȱ theȱ structuralȱmodelȱdesignatedȱ ȇMonoclinicȱAȇȱwithȱ latticeȱ
parametersȱaȱ=ȱ3.7593ȱÅ,ȱbȱ=ȱ3.7094ȱÅ,ȱcȱ=ȱ3.8358ȱÅȱandȱΆȱ=ȱ91.54°ȱtheȱinterplanarȱspacingsȱ
areȱd111–ȱ=ȱd1–11ȱ=ȱ2.1939ȱÅȱandȱd111ȱ=ȱd11–1ȱ=ȱ2.1555ȱÅȱandȱareȱ thusȱ clearlyȱnotȱequal.ȱThisȱofȱ
courseȱ hasȱ implicationsȱ forȱ theȱ otherȱ consideredȱ reflectionsȱ asȱ wellȱ butȱ onlyȱ servesȱ toȱ
furtherȱ decreaseȱ theȱ validityȱ ofȱ theseȱmodelsȱ andȱ doesȱ thereforeȱ notȱ impactȱ theȱ overallȱ
conclusion:ȱNoȱsimpleȱstructuralȱmodelȱseemsȱsufficientȱtoȱdescribeȱexpandedȱaustenite.ȱȱ
Theȱ shiftsȱ observedȱ forȱ higherȱ orderȱ diffractionȱ peaksȱ cannotȱ beȱ accountedȱ forȱ byȱ
stackingȱfaultsȱalone.ȱItȱshouldȱbeȱnotedȱthatȱtheȱbasisȱforȱtheȱstackingȱfaultȱmodel,ȱWarren’sȱ
theory,ȱhasȱ beenȱdemonstratedȱ toȱ beȱ insufficientlyȱ accurateȱ (Velteropȱ etȱal.,ȱ 2000)ȱdueȱ toȱ
unrealisticȱsimplifyingȱassumptions,ȱforȱexampleȱaveragingȱtheȱshiftȱofȱallȱcomponentsȱofȱaȱ
givenȱ reflection.ȱ Theȱ variousȱ profileȱ componentsȱ comprisingȱ aȱ diffractionȱ peakȱ areȱ notȱ
equallyȱ affected,ȱ orȱmayȱ beȱ entirelyȱ unaffectedȱ byȱ stackingȱ faults.ȱ Itȱ wasȱ convincinglyȱ
shownȱ byȱ Velteropȱ etȱ al.ȱ thatȱ aȱ weightedȱ summationȱ shouldȱ beȱ used.ȱ Theȱ affectedȱ
componentȱofȱ theȱ 111ȱpeak,ȱ forȱ example,ȱ isȱ increasinglyȱ shiftedȱwithȱ increasingȱ stackingȱ
faultȱprobabilityȱbutȱ isȱ alsoȱbroadened.ȱThisȱ leadsȱ toȱ aȱdecreasingȱ shiftȱofȱ theȱmaximumȱ
intensityȱ forȱ theȱoverallȱpeakȱprofileȱaboveȱaȱcertainȱstackingȱ faultȱprobabilityȱ (seeȱFigureȱ
7.3).ȱ Peakȱ positionsȱ givenȱ inȱ thisȱ chapterȱ referȱ toȱ theȱ peakȱ maximumȱ followingȱ theȱ
treatmentȱ ofȱ Warrenȱ sinceȱ theȱ experimentalȱ determinationȱ ofȱ theȱ centroidȱ isȱ usuallyȱ
difficultȱandȱisȱaffectedȱbyȱasymmetries,ȱwhichȱmayȱariseȱfromȱe.g.ȱtwinȱfaults.ȱ
TheȱexpressionȱderivedȱbyȱVelteropȱetȱal.ȱadditionallyȱintroducesȱaȱsizeȬdependenceȱbutȱ
isȱtooȱcomplicatedȱtoȱbeȱreadilyȱimplementedȱinȱaȱRietveldȱprocedure.ȱInȱanȱeffortȱtoȱobtainȱ
aȱ simpleȱ (approximate)ȱ relationȱ betweenȱ stackingȱ faultȱ probability,ȱ peakȱ shiftsȱ andȱ
broadeningȱcomparableȱtoȱthatȱofȱWarren,ȱavoidingȱtheȱerroneousȱsimplifyingȱassumptions,ȱ
Debyeȱsimulationsȱwereȱused.ȱResultsȱareȱcomparedȱtoȱsynchrotronȱXȬrayȱdiffractionȱdataȱ
previouslyȱ obtainedȱ (Oddershedeȱ etȱ al.,ȱ 2008a)ȱ forȱ aȱ homogeneousȱ sampleȱ ofȱ nitrogenȱ
expandedȱausteniteȱwithȱinterstitialȱoccupancy,ȱyNȱ=ȱ0.61,ȱwithȱreportedȱlatticeȱparameter,ȱaȱ
=ȱ4.0022ȱÅȱandȱstackingȱfaultȱprobability,ȱ΅sfȱ=ȱ0.0362ȱ(accordingȱtoȱWarren).ȱ
7.1 Debyeȱsimulationsȱ
Withoutȱanyȱassumptionsȱregardingȱperiodicity,ȱ theȱdiffractedȱ intensity,ȱ I(q),ȱofȱrandomlyȱ
orientedȱ identicalȱ scatteringȱ objectsȱ canȱ beȱ calculatedȱ asȱ aȱ sumȱ overȱ allȱ theȱ interatomicȱ
distances,ȱrij,ȱaccordingȱtoȱtheȱDebyeȱ(1915)ȱscatteringȱequation:ȱ
ȱ
I(q)ȱ=ȱ )/()sin()()( ijij
N
ji,
ji rqrqqfqf ¦  (7.1)
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whereȱ fiȱ andȱ fjȱ areȱ theȱ atomicȱ scatteringȱ factors,ȱ qȱ =ȱ 4ΔsinΌ/Ώȱ isȱ theȱmagnitudeȱ ofȱ theȱ
scatteringȱvectorȱandȱNȱisȱtheȱnumberȱofȱatoms.ȱItȱisȱthusȱpossibleȱtoȱcalculateȱtheȱdiffractedȱ
intensityȱ ofȱ anyȱ atomicȱ arrayȱ definedȱ inȱ termsȱ ofȱ crystallographicȱ parametersȱ suchȱ asȱ
atomicȱ composition,ȱ coordinatesȱ andȱ thermalȱ parametersȱ andȱ exploreȱ theȱ effectsȱ ofȱ
crystallographicȱdefectsȱlikeȱstackingȱfaults.ȱ
AȱfaceȬcenteredȱcubicȱcrystalȱcanȱbeȱconsideredȱasȱaȱlayeredȱstructureȱproducedȱbyȱtheȱ
stackingȱ ofȱ closeȬpackedȱ (111)ȱ planesȱ denotedȱ A,ȱ Bȱ andȱ Cȱ withȱ anȱ unfaultedȱ stackingȱ
sequenceȱ ABCABCȱ (orȱ CBACBA).ȱ Thisȱ structureȱ canȱ containȱ threeȱ essentiallyȱ differentȱ
typesȱofȱstackingȱfaultsȱ(Read,ȱ1953):ȱIntrinsic,ȱextrinsicȱandȱ twinȱ (growth)ȱfaults.ȱ Intrinsicȱ
faultsȱcorrespondȱtoȱtheȱremovalȱofȱaȱcloseȬpackedȱplaneȱfromȱtheȱperfectȱcrystal,ȱextrinsicȱ
faultsȱ toȱ theȱ insertionȱ ofȱ anȱ extraȱ closeȬpackedȱ planeȱ andȱ twinȱ faultsȱ toȱ reversalȱ ofȱ theȱ
stackingȱ sequenceȱ (Figureȱ 7.1).ȱ Noteȱ thatȱ anȱ extrinsicȱ faultȱ canȱ beȱ consideredȱ asȱ twoȱ
consecutiveȱintrinsicȱfaultsȱandȱthatȱadditionalȱintrinsicȱfaultsȱresultȱinȱaȱtwin.ȱ
ȱ
ȱ
Figureȱ7.1:ȱStackingȱsequencesȱforȱintrinsic,ȱextrinsicȱandȱtwinȱfaults.ȱ
SimulationsȱwereȱcarriedȱoutȱwithȱaȱmodifiedȱversionȱofȱtheȱDebyeȱprogramȱdevelopedȱbyȱ
Oddershedeȱ etȱ al.ȱ (2008a).ȱ Theȱ simulatedȱ crystalȱ structuresȱ consistȱ ofȱ Nȱ layersȱ ofȱ N×Nȱ
primitiveȱhexagonalȱunitȱcellsȱshiftedȱ toȱA,ȱBȱorȱCȱpositions.ȱTheȱsymmetryȱofȱ theȱatomicȱ
arrayȱ isȱexploitedȱ toȱ speedȱupȱ theȱcalculationȱofȱallȱ theȱFe—Feȱ interatomicȱdistances,ȱe.g.ȱ
equalȱdistancesȱbetweenȱlayersȱandȱbetweenȱatomsȱwithinȱeachȱlayerȱregardlessȱofȱtheȱlayerȱ
position.ȱNitrogenȱatomsȱ inȱoctahedralȱ interstitialȱpositionsȱalterȱ theȱrelativeȱ intensitiesȱofȱ
theȱdiffractionȱpeaksȱbutȱhasȱnoȱimpactȱonȱtheȱpeakȱwidthsȱ(Oddershedeȱetȱal.,ȱ2008a)ȱandȱisȱ
notȱexpectedȱtoȱcontributeȱsignificantlyȱtoȱtheȱchangeȱinȱpeakȱpositionsȱonȱtheȱintroductionȱ
ofȱstackingȱfaults.ȱNitrogenȱatomsȱwereȱthereforeȱomittedȱandȱallȱmetalȱatomsȱonȱtheȱf.c.c.ȱ
latticeȱwereȱmodelledȱasȱFeȱwithȱaȱthermalȱparameterȱsetȱtoȱBȱ=ȱ1ȱÅ2,ȱwhichȱisȱreasonableȱatȱ
roomȱ temperature.ȱ Forȱ comparisonȱ withȱ theȱ experimentalȱ data,ȱ instrumentalȱ peakȱ
broadeningȱ ofȱ theȱ pseudoȬVoigtȱ typeȱ (Cagliotiȱ etȱ al.,ȱ 1958;ȱ Wertheimȱ etȱ al.,ȱ 1974)ȱ asȱ
determinedȱ fromȱaȱSiȱstandardȱ(Oddershedeȱetȱal.,ȱ2008a)ȱwasȱaddedȱasȱwellȱasȱcorrectionȱ
forȱtheȱintensityȱprofileȱrelatedȱtoȱtheȱGuinierȱtangentȱangleȱ(Sasȱ&ȱdeȱWolff,ȱ1966).ȱ
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TheȱatomicȱarrayȱisȱconstructedȱbyȱsuccessiveȱgenerationȱofȱcloseȬpackedȱ(111)ȱlayers.ȱEachȱ
timeȱaȱnewȱlayerȱisȱadded,ȱaȱrandomȱnumberȱbetweenȱ0ȱandȱ1ȱisȱgenerated.ȱIfȱtheȱnumberȱisȱ
belowȱtheȱinputȱstackingȱfaultȱprobability,ȱaȱstackingȱfaultȱisȱintroduced.ȱTheȱfinalȱstackingȱ
faultȱprobability,ȱ΅sf,ȱisȱdefinedȱasȱtheȱnumberȱofȱfaultsȱ inȱtheȱatomicȱarrayȱdividedȱbyȱtheȱ
totalȱ numberȱ ofȱ layersȱ suchȱ thatȱ theȱ averageȱ numberȱ ofȱ layersȱ betweenȱ faultsȱ isȱ 1/΅sf.ȱ
Crystallitesȱofȱ1003,ȱ2503,ȱ4003,ȱ5503ȱandȱ7003ȱatomsȱwithȱstackingȱfaultȱprobabilitiesȱofȱzero,ȱ
0.03,ȱ0.06ȱandȱ0.09ȱwereȱsimulatedȱwithȱtheȱmaximumȱsizeȱlimitedȱbyȱrequiredȱcomputationȱ
time.ȱInȱorderȱtoȱobtainȱaȱmoreȱrealisticȱmodelȱthanȱgivenȱbyȱaȱsingleȱstackingȱsequence,ȱ50ȱ
diffractogramsȱwereȱsimulatedȱ forȱeachȱcrystalliteȱsize,ȱ i.e.ȱaȱ totalȱofȱ250ȱ forȱeachȱvalueȱofȱ
΅sf.ȱ Theseȱ wereȱ averagedȱ withȱ weightsȱ accordingȱ toȱ aȱ Weibullȱ sizeȱ distributionȱ withȱ
parametersȱfittedȱtoȱtwoȱNISTȱStandardȱReferenceȱMaterialsȱ(660a)ȱLanthanumȱHexaborideȱ
andȱ (640c)ȱSiliconȱ (Oddershede,ȱ2007).ȱThisȱcorrespondsȱ toȱaȱmeanȱcrystalliteȱdiameterȱofȱ
aroundȱ 830ȱÅȱ forȱ theȱ simulationsȱ carriedȱ outȱwithȱ anȱ f.c.c.ȱ latticeȱ parameterȱ ofȱ 4.00ȱÅ.ȱ
DiffractogramsȱwereȱsimulatedȱwithȱaȱwavelengthȱofȱΏȱ=ȱ1.00ȱÅȱinȱaȱ2Όȱrangeȱofȱ15ȱ–ȱ100°ȱ
(correspondingȱtoȱaȱqȱrangeȱfromȱ1.6ȱtoȱ9.6ȱAȬ1)ȱwithȱaȱfixedȱstepȱsizeȱofȱ0.005°ȱinȱ2Ό.ȱ
7.1.1 Peakȱshiftsȱ
Simulatedȱ diffractogramsȱ forȱ anȱ unfaultedȱ f.c.c.ȱ latticeȱ andȱ stackingȱ sequencesȱ ofȱ (111)ȱ
layersȱincludingȱintrinsic,ȱextrinsicȱandȱtwinȱfault,ȱwithȱaȱstackingȱfaultȱprobabilityȱofȱ0.03,ȱ
areȱgivenȱ inȱFigureȱ7.2.ȱIntensitiesȱareȱscaledȱrelativeȱtoȱtheȱmaximumȱ intensityȱofȱ theȱ111ȱ
peakȱ inȱorderȱ toȱemphasizeȱrelativeȱchangesȱandȱ theȱshiftȱofȱ theȱ111ȱpeakȱ(onȱanȱabsoluteȱ
scale,ȱ theȱ introductionȱ ofȱ stackingȱ faultsȱ decreasesȱ theȱmaximumȱ intensityȱ dueȱ toȱ peakȱ
broadening,ȱsinceȱtheȱintegratedȱintensityȱisȱpreserved).ȱItȱcanȱbeȱseenȱthatȱtwinȱfaultsȱaloneȱ
doȱnotȱcontributeȱtoȱanyȱsignificantȱpeakȱdisplacementȱbutȱcauseȱconsiderableȱbroadening.ȱ
Forȱ intrinsicȱandȱextrinsicȱstackingȱ faults,ȱpeaksȱareȱbothȱbroadenedȱandȱshifted.ȱTheȱhklȬ
dependentȱpeakȱ shiftȱ isȱ similarȱ inȱmagnitudeȱbutȱofȱoppositeȱ sign.ȱAccordingȱ toȱWarrenȱ
(1969),ȱtheȱpeakȱmaximumȱshiftȱcausedȱbyȱintrinsicȱstackingȱfaultsȱisȱgivenȱby:ȱ
ȱ
̇2Όȱ(°) ȱ=ȱ hklG΅Δ
Ό  sf2 0tan390  (7.2)
ȱ
whereȱ2Ό0ȱ isȱ theȱdiffractingȱangleȱofȱ theȱpeakȱmaximumȱ forȱ theȱunfaultedȱ latticeȱandȱ theȱ
stackingȱfaultȱparameterȱGhklȱisȱgivenȱaccordingȱtoȱTableȱ7.1.ȱForȱextrinsicȱstackingȱfaultsȱtheȱ
stackingȱfaultȱparameterȱforȱaȱgivenȱhklȱreflectionȱisȱequalȱinȱmagnitudeȱbutȱoppositeȱinȱsignȱ
(Warren,ȱ1963).ȱSinceȱtheȱangularȱshiftsȱareȱsmall,ȱtheȱpeakȱmaximumȱshiftȱcanȱbeȱgivenȱonȱ
aȱqȱscaleȱbyȱusingȱaȱsmallȱangleȱapproximationȱandȱsubstitutingȱ̇2Ό(°)/tanΌ0ȱ=ȱ(360/Δ)[(sinΌȱ
ȬȱsinΌ0)/ȱsinΌ0]ȱ=ȱ(360/Δ)[(qȱ–ȱq0)/q0]ȱinȱequationȱ(7.2),ȱyielding:ȱ
ȱ
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whereȱ q0ȱ refersȱ toȱ theȱ unfaultedȱ latticeȱ andȱ qȱ toȱ theȱ shiftedȱ position.ȱ Theȱ shiftsȱ ofȱ fourȱ
selectedȱreflectionsȱobtainedȱfromȱsimulationsȱareȱcomparedȱtoȱtheȱresultsȱofȱWarrenȱ(1969)ȱ
andȱVelteropȱetȱal.ȱ(2000)ȱinȱFigureȱ7.3.ȱInȱWarren’sȱmodel,ȱaȱsmallȱstackingȱfaultȱprobabilityȱ
andȱinfinitelyȱlargeȱcrystallitesȱwereȱassumed,ȱwhileȱtheȱexpressionȱderivedȱbyȱVelteropȱetȱ
al.ȱ introducesȱaȱ sizeȬdependenceȱandȱ showsȱaȱdistinctȱnonȬlinearityȱ inȱ theȱpeakȱ shiftsȱ forȱ
increasingȱstackingȱfaultȱprobabilities.ȱInȱaddition,ȱitȱshowsȱforȱcertainȱreflections,ȱe.g.ȱ311,ȱ
thatȱtheȱshiftȱisȱinȱtheȱoppositeȱdirectionȱcomparedȱtoȱthatȱpredictedȱbyȱWarren.ȱTheȱshiftsȱ
obtainedȱfromȱDebyeȱsimulationsȱareȱwithinȱthoseȱcorrespondingȱtoȱtheȱnumberȱofȱlayersȱNȱ
=ȱ100ȱandȱNȱ=ȱ1000ȱaccordingȱ toȱVelteropȱ etȱal.ȱ forȱ theȱ111ȱandȱ311ȱ reflections.ȱThisȱ isȱ inȱ
agreementȱwithȱtheȱappliedȱsizeȱdistributionȱbeingȱwithinȱtheseȱtwoȱvalues.ȱItȱisȱalsoȱnotedȱ
thatȱtheȱcorrectȱsignȱ(accordingȱtoȱVelteropȱetȱal.)ȱofȱtheȱ311ȱpeakȱshiftȱisȱobtainedȱfromȱtheȱ
currentȱsimulations.ȱ
ȱ
Figureȱ7.2:ȱSectionȱofȱsimulatedȱdiffractogramsȱ forȱaȱperfectȱ f.c.c.ȱ latticeȱandȱstackingȱsequencesȱ
includingȱ intrinsic,ȱextrinsicȱandȱ twinȱ faultsȱwithȱaȱstackingȱ faultȱprobabilityȱofȱ0.03.ȱ Intensitiesȱ
areȱnormalizedȱwithȱrespectȱtoȱtheȱmaximumȱintensityȱofȱtheȱ111ȱpeak.ȱ
ȱ
Toȱaccountȱ forȱtheȱvaryingȱpeakȱshiftsȱwithȱ increasingȱ faultȱprobability,ȱ theȱstackingȱ faultȱ
parameter,ȱGhkl,ȱwasȱ fittedȱ asȱ twoȱ separateȱ regions;ȱ aȱ constantȱ upȱ toȱ theȱ firstȱ simulatedȱ
point,ȱ΅sfȱ=ȱ0.03ȱandȱbeyondȱ thisȱvalueȱaȱ linearȱ relation,ȱGhklȱ=ȱaڄ΅sfȱ+ȱb,ȱwasȱchosenȱasȱanȱ
approximation.ȱTheȱfitsȱallowȱaȱsatisfactoryȱdescriptionȱofȱtheȱ(admittedly,ȱlowȱnumberȱof)ȱ
simulatedȱ pointsȱ andȱ obtainedȱ valuesȱ areȱ givenȱ inȱ Tableȱ 7.1.ȱDueȱ toȱ theȱ fullȱ overlapȱ ofȱ
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511/333ȱ andȱ 600/442ȱ reflections,ȱ aȱ combinedȱ valueȱ isȱ obtainedȱ forȱ theseȱ fromȱ simulatedȱ
diffractograms.ȱ
Whenȱcomparingȱwithȱexperimentalȱdataȱ itȱ isȱ importantȱ toȱnoteȱ thatȱ theȱappliedȱ sizeȱ
distributionȱmayȱ notȱ correspondȱ toȱ theȱ actualȱ sizeȱ ofȱ coherentlyȱ diffractingȱ domainsȱ inȱ
expandedȱaustenite.ȱTheȱmaximumȱsimulatedȱsizeȱisȱlimitedȱbyȱrequiredȱcomputationȱtime.ȱ
Accordingȱ toȱVelteropȱ etȱal.ȱ increasingȱ sizeȱeffectivelyȱeliminatesȱ theȱ shiftȱofȱ111ȱandȱ311ȱ
reflectionsȱwhileȱ 331ȱ andȱ 200,ȱofȱwhichȱ theȱ latterȱ accountsȱ forȱ theȱ largestȱobservedȱpeakȱ
shiftȱforȱexpandedȱaustenite,ȱdoesȱnotȱdisplayȱanyȱsizeȱdependenceȱ(atȱleastȱupȱtoȱNȱ=ȱ1000).ȱ
ȱ
ȱ
Figureȱ7.3:ȱPeakȱmaximumȱshiftȱasȱaȱ functionȱofȱ intrinsicȱstackingȱ faultȱprobabilityȱ forȱ theȱ111,ȱ
200,ȱ311ȱandȱ331ȱreflectionsȱcomparedȱtoȱtheȱvaluesȱobtainedȱbyȱWarrenȱ(1969)ȱandȱVelteropȱetȱal.ȱ
(2000),ȱwhereȱNȱdenotesȱ theȱnumberȱofȱ layersȱandȱΆȱ theȱ twinȱ faultȱprobability.ȱValuesȱobtainedȱ
fromȱfitsȱareȱgivenȱinȱTableȱ7.1.ȱ
ȱ
Bothȱ previousȱmodelsȱ andȱ theȱDebyeȱ simulationsȱ relyȱ onȱ two,ȱ notȱ necessarilyȱ realistic,ȱ
assumptions;ȱ (i)ȱ faultsȱ occurȱ inȱ onlyȱ oneȱ crystallographicȱ orientationȱ perȱ crystallite,ȱ e.g.ȱ
onlyȱ onȱ (111)ȱofȱ theȱ {111}ȱplanesȱ andȱ (ii)ȱ stackingȱ faultsȱ spanȱ theȱ entireȱ crystal.ȱForȱ realȱ
crystals,ȱ stackingȱ faultsȱmay,ȱhowever,ȱ endȱ insideȱ theȱ crystalȱandȱbeȱborderedȱbyȱpartialȱ
dislocationsȱ (Read,ȱ 1953).ȱThisȱmayȱ causeȱdeviationsȱ fromȱ theȱpredictedȱpeakȱ shiftsȱ andȱ
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broadening.ȱ Inȱ anyȱ case,ȱ theȱ currentlyȱ obtainedȱ valuesȱ shouldȱ beȱ consideredȱ asȱ anȱ
improvementȱcomparedȱ toȱ thoseȱobtainedȱbyȱWarrenȱandȱareȱdeemedȱsufficientȱ toȱverifyȱ
theȱvalidityȱofȱtheȱstackingȱfaultȱmodelȱforȱexpandedȱaustenite.ȱ
ȱ
Tableȱ7.1:ȱȱStackingȱfaultȱparameterȱaccordingȱtoȱWarrenȱ(1969)ȱandȱfromȱfitsȱofȱDebyeȱsimulationsȱ(constantȱupȱ
toȱ ΅sfȱ =ȱ 0.03ȱ andȱ linear,ȱGhklȱ =ȱ aȱ ΅sfȱ +ȱ bȱ aboveȱ thisȱ value).ȱ Theȱ stackingȱ faultȱ parameterȱ forȱ extrinsicȱ faultsȱ
accordingȱtoȱWarrenȱ(1963)ȱisȱequalȱinȱmagnitudeȱbutȱoppositeȱinȱsign.
ȱ Intrinsicȱ Extrinsicȱ
ȱ Ghkl,ȱWarren ȱGhklȱ aȱ bȱ Ghklȱ aȱ bȱ
111ȱ 1/4ȱ 0.1106ȱ Ȭ0.0349ȱ 0.0046ȱ Ȭ0.1044ȱ 0.0386ȱ Ȭ0.0044ȱ
200ȱ Ȭ1/2ȱ Ȭ0.5639ȱ Ȭ0.5388ȱ Ȭ0.0027ȱ 0.5359ȱ 0.8191ȱ Ȭ0.0110ȱ
220ȱ 1/4ȱ 0.0134ȱ Ȭ0.0059ȱ 0.0006ȱ Ȭ0.0107ȱ 0.0053ȱ Ȭ0.0005ȱ
311ȱ Ȭ1/11ȱ 0.0088ȱ Ȭ0.0002ȱ 0.0003ȱ Ȭ0.0082ȱ 0.0005ȱ Ȭ0.0003ȱ
222ȱ Ȭ1/8ȱ Ȭ0.0587ȱ 0.0168ȱ Ȭ0.0024ȱ 0.0487ȱ Ȭ0.0189ȱ 0.0020ȱ
400ȱ 1/4ȱ 0.2721ȱ 0.3000ȱ 0.0000ȱ Ȭ0.2755ȱ Ȭ0.3281ȱ 0.0011ȱ
331ȱ 1/19ȱ 0.0490ȱ 0.0602ȱ Ȭ0.0004ȱ Ȭ0.0432ȱ Ȭ0.0652ȱ 0.0007ȱ
420ȱ 1/20ȱ Ȭ0.0222ȱ 0.0053ȱ 0.0053ȱ 0.0185ȱ Ȭ0.0060ȱ 0.0008ȱ
422ȱ 0ȱ 0.0215ȱ Ȭ0.0076ȱ Ȭ0.0076ȱ Ȭ0.0212ȱ 0.0084ȱ Ȭ0.0009ȱ
511ȱ Ȭ1/36ȱ
Ȭ0.0087ȱ 0.0032ȱ 0.0032ȱ 0.0084ȱ Ȭ0.0035ȱ 0.0003ȱ
333ȱ 0ȱ
440ȱ Ȭ1/8ȱ Ȭ0.0098ȱ 0.0041ȱ 0.0041ȱ 0.0072ȱ Ȭ0.0035ȱ 0.0003ȱ
531ȱ 9/245ȱ 0.0109ȱ Ȭ0.0007ȱ Ȭ0.0007ȱ Ȭ0.0097ȱ 0.0009ȱ Ȭ0.0003ȱ
600ȱ 0ȱ
Ȭ0.0144ȱ 0.0001ȱ Ȭ0.0005ȱ 0.0108ȱ Ȭ0.0009ȱ 0.0004ȱ
442ȱ 1/24ȱ
ȱ
ȱ
Theȱpeakȱshifts,ȱorȱlackȱthereof,ȱcausedȱbyȱextrinsicȱandȱtwinȱfaultsȱcanȱimmediatelyȱbeȱseenȱ
notȱtoȱcorrespondȱtoȱexperimentalȱobservationsȱforȱexpandedȱausteniteȱsinceȱonlyȱintrinsicȱ
faultsȱpredictȱaȱshiftȱofȱtheȱ200ȱreflectionȱtoȱlowerȱqȱvalues.ȱSinceȱq0ȱisȱnotȱknownȱaȱpriori,ȱaȱ
latticeȱparameterȱcorrespondingȱtoȱtheȱunfaultedȱ lattice,ȱa0,ȱandȱ theȱ intrinsicȱstackingȱfaultȱ
probabilityȱwasȱ fittedȱ toȱmatchȱ theȱexperimentalȱ111ȱandȱ200ȱpeakȱpositionsȱ forȱnitrogenȱ
expandedȱausteniteȱ(obtainedȱvaluesȱareȱa0ȱ=ȱ3.9961ȱÅȱandȱ΅sfȱ=ȱ0.06).ȱInȱtheȱcaseȱwhereȱtheȱ
stackingȱ faultȱmodelȱ isȱ applicableȱ theȱpeakȱ shiftȱofȱadditionalȱ reflectionsȱ areȱ expectedȱ toȱ
approximatelyȱalignȱwithȱtheȱpredictedȱvalues,ȱwhichȱisȱclearlyȱseenȱfromȱFigureȱ7.4ȱnotȱtoȱ
beȱtheȱcaseȱ(whichȱisȱwhyȱaȱsimultaneousȱfitȱofȱallȱreflectionsȱisȱmeaningless).ȱItȱis,ȱhowever,ȱ
alsoȱevidentȱthatȱdeceptivelyȱreasonableȱfitsȱcanȱeasilyȱbeȱobtainedȱconsideringȱonlyȱtheȱfirstȱ
threeȱreflections;ȱ111,ȱ200ȱandȱ220.ȱObservationsȱofȱonlyȱtheseȱpeaksȱwouldȱthusȱnaturallyȱ
leadȱtoȱtheȱconclusionȱthatȱtheȱstackingȱfaultȱmodelȱisȱvalid.ȱ
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Figureȱ7.4:ȱPeakȱshiftȱcausedȱbyȱintrinsicȱstackingȱfaultsȱaccordingȱtoȱTableȱ7.1ȱfittedȱtoȱmatchȱtheȱ
111ȱandȱ200ȱpeakȱofȱexperimentalȱdataȱforȱnitrogenȱexpandedȱausteniteȱ(Oddershedeȱetȱal.,ȱ2008a).ȱ
Basedȱ onȱ theȱ resultsȱ obtainedȱ fromȱDebyeȱ simulationsȱ itȱ canȱ beȱ concludedȱ thatȱ stackingȱ
faultsȱaloneȱcannotȱaccountȱ forȱ theȱpeakȱshiftsȱobservedȱ forȱexpandedȱaustenite.ȱ Itȱcanȱbeȱ
arguedȱthatȱaȱcombinationȱofȱintrinsicȱandȱextrinsicȱfaults,ȱwithȱaȱmajorityȱofȱintrinsicȱfaults,ȱ
alsoȱ leadȱ toȱnegativeȱshiftsȱofȱ theȱ200ȱreflection.ȱAȱsimpleȱ linearȱcombinationȱ is,ȱhowever,ȱ
notȱ applicableȱ sinceȱ predictedȱ shiftsȱ forȱ bothȱ faultȱ typesȱ areȱ lowȱ forȱ reflectionsȱ withȱ
increasingȱhkl,ȱwhileȱthisȱisȱnotȱtheȱcaseȱforȱexperimentalȱdata.ȱ
ȱ
7.1.2 Peakȱbroadeningȱ
TheȱpeakȱbroadeningȱcausedȱbyȱtheȱthreeȱtypesȱofȱstackingȱfaultsȱisȱshownȱinȱFigureȱ7.5ȱandȱ
comparedȱ toȱ theȱ experimentalȱ data.ȱ Theȱ FullȱWidthȱ atȱHalfȱMaximumȱ (FWHM)ȱ ofȱ theȱ
diffractionȱpeaksȱisȱdenotedȱ̇q,ȱandȱallȱwidthsȱincludeȱtheȱsameȱinstrumentalȱcontribution.ȱ
Itȱ isȱ seenȱ thatȱallȱ faultȱ typesȱprimarilyȱ causeȱbroadeningȱofȱ theȱ200ȱandȱ400ȱpeaksȱwhileȱ
mostȱ otherȱ peaksȱ areȱ relativelyȱ unaffected.ȱ Theȱ experimentalȱ dataȱ isȱ comparedȱ toȱ peakȱ
widthsȱobtainedȱforȱaȱstackingȱfaultȱprobabilityȱ΅sfȱ=ȱ0.06.ȱNeitherȱfaultȱtypeȱcanȱaccountȱforȱ
theȱ experimentalȱ broadening,ȱwhichȱ showsȱ aȱ generalȱ increasingȱ trendȱ forȱ increasingȱ hkl,ȱ
exceptȱ forȱ 222ȱ andȱ 422ȱ reflections.ȱBothȱ observedȱpeakȱ shiftsȱ andȱ broadeningȱ thusȱ seemȱ
decisivelyȱagainstȱtheȱstackingȱfaultȱmodelȱforȱexpandedȱausteniteȱwhenȱconsideringȱmoreȱ
thanȱtheȱthreeȱfirstȱreflections.ȱSinceȱtheȱlatticeȱofȱexpandedȱausteniteȱisȱexpandedȱdueȱtoȱtheȱ
presenceȱofȱinterstitialȱatoms,ȱtheȱvariationsȱinȱoctahedralȱinterstitialȱpositionsȱcausedȱbyȱanȱ
alteredȱstackingȱsequenceȱshould,ȱhowever,ȱalsoȱbeȱexplored.ȱ
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Figureȱ7.5:ȱPeakȱwidths,ȱ̇q,ȱ(includingȱinstrumentalȱbroadening)ȱforȱsimulatedȱdiffractogramsȱofȱ
intrinsic,ȱextrinsicȱandȱ twinȱ faultsȱandȱcomparisonȱofȱstackingȱfaultȱprobabilityȱ΅sfȱ=ȱ0.06ȱ forȱtheȱ
threeȱtypesȱofȱfaultsȱwithȱexperimentalȱdataȱforȱexpandedȱausteniteȱ(Oddershedeȱetȱal.,ȱ2008a).ȱ
7.1.3 Theȱeffectȱofȱstackingȱfaultsȱonȱoctahedralȱinterstitialȱpositionsȱ
Stackingȱ faultsȱ inȱ aȱ closeȬpackedȱmetallicȱ structureȱ doȱ notȱ changeȱ theȱ distanceȱ betweenȱ
closeȬpackedȱlayers,ȱbutȱtheȱrelativeȱpositionsȱofȱinterstitialȱoctahedraȱdoȱchange.ȱForȱf.c.c.ȱ
lattices,ȱ theȱ introductionȱ ofȱ anȱ intrinsicȱ stackingȱ fault,ȱ forȱ example,ȱ createsȱ aȱ localȱ h.c.p.ȱ
sequenceȱ cf.ȱ Figureȱ 7.1.ȱ Inȱ f.c.c.ȱ structuresȱ octahedraȱ onlyȱ shareȱ edgesȱ whileȱ anȱ h.c.p.ȱ
stackingȱ resultsȱ inȱ bothȱ edgeȬȱ andȱ faceȬsharingȱ octahedraȱ (Figureȱ 7.6).ȱ Theȱ decreasedȱ
separationȱ ofȱ interstitialȱ positionsȱ inȱ faceȬsharingȱ octahedraȱ isȱ unfavorableȱ andȱ inducesȱ
strongȱ repulsiveȱ interactionsȱ inȱ theȱ caseȱ ofȱ simultaneousȱ occupationȱ ofȱ twoȱ suchȱ sites,ȱ
whichȱpartlyȱexplainsȱtheȱinterstitialȱorderingȱinȱtheȱh.c.p.ȱbasedȱΉȬironȱnitrideȱ(seeȱSectionȱ
2.2.1).ȱItȱ isȱthereforeȱpossibleȱthatȱtheȱsitesȱneighboringȱstackingȱfaultsȱareȱ lessȱ likelyȱ toȱbeȱ
occupied,ȱcausingȱaȱlocalȱcontractionȱofȱtheȱlayers.ȱComparingȱtheȱseparationȱofȱ{111}ȱlayersȱ
inȱ theȱ simulatedȱ structureȱ (a0ȱ =ȱ 4.00ȱÅ)ȱwithȱ theȱ correspondingȱplanarȱ spacingȱ inȱ theȱ ΉȬ
nitrideȱ(Somersȱetȱal.,ȱ1997)ȱextrapolatedȱtoȱtheȱmaximumȱachievableȱoccupancyȱwhereȱfaceȬ
sharingȱ octahedraȱ areȱ avoidedȱ (halfȱ ofȱ theȱ interstitialȱ positionsȱ filled),ȱ suggestsȱ aȱ layerȱ
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contractionȱofȱ4%.ȱNoteȱthat,ȱatȱthisȱcomposition,ȱaȱrearrangementȱofȱnitrogenȱoccursȱinȱtheȱ
ΉȬnitrideȱresultingȱinȱtheȱorthorhombicallyȱdistortedȱstructureȱΊȬFe2Nȱ(Jack,ȱ1948a),ȱbutȱwithȱ
aȱminimalȱchangeȱinȱlayerȱseparation.ȱȱ
ȱ
Figureȱ7.6:ȱOctahedralȱpositionsȱ inȱcloseȬpackedȱstructures;ȱedgeȬsharingȱ inȱ f.c.c.ȱ (left)ȱandȱbothȱ
edgeȬȱandȱfaceȬsharingȱinȱh.c.p.ȱ(right).ȱTheȱstackingȱsequenceȱisȱindicated.ȱ
Simulationsȱwereȱperformedȱ forȱ΅sfȱ=ȱ0.03ȱwithȱaȱ contractionȱofȱ4%ȱ forȱ theȱ threeȱaffectedȱ
interplanarȱdistancesȱonȱ theȱ introductionȱofȱanȱ intrinsicȱstackingȱ fault.ȱSinceȱ theȱdistancesȱ
betweenȱ layersȱ areȱ noȱ longerȱ equal,ȱ theȱ simulationsȱwereȱ reconfiguredȱ toȱ calculateȱ allȱ
interatomicȱdistancesȱwithoutȱexploitingȱtheȱsymmetryȱofȱtheȱatomicȱarray.ȱThisȱdrasticallyȱ
increasesȱtheȱcomputationȱtimeȱandȱonlyȱ1003ȱatomsȱwereȱthereforeȱsimulated.ȱ
ȱ
Figureȱ7.7:ȱPeakȱshiftsȱcausedȱbyȱintrinsicȱstackingȱfaultsȱ(΅sfȱ=ȱ0.03)ȱwithȱaȱlayerȱcontractionȱofȱ4%.ȱȱ
Theȱunfaultedȱ latticeȱparameterȱ forȱ theȱexperimentalȱpeakȱ shiftsȱ (Oddershedeȱ etȱal.,ȱ2008a)ȱwasȱ
fittedȱtoȱobtainȱtheȱbestȱmatchȱforȱtheȱ111ȱandȱ200ȱpeakȱpositions.ȱ
Resultsȱareȱshownȱ inȱFigureȱ7.7.ȱSinceȱonlyȱaȱsingleȱvalueȱofȱtheȱstackingȱfaultȱprobabilityȱ
wasȱusedȱforȱsimulations,ȱonlyȱtheȱunfaultedȱlatticeȱparameterȱcanȱbeȱfittedȱ(a0ȱ=ȱ4.0040ȱÅ).ȱ
Comparingȱ withȱ Figureȱ 7.4ȱ itȱ isȱ seenȱ thatȱ includingȱ layerȱ contractionȱ improvesȱ theȱ
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predictedȱ positionsȱ forȱ certainȱ peaksȱ (e.g.ȱ 400)ȱwhileȱ theȱ disagreementȱ isȱ increasedȱ forȱ
othersȱ(e.g.ȱ331).ȱPeakȱpositionsȱareȱthusȱaffectedȱbyȱchangingȱinterplanarȱdistancesȱonȱtheȱ
introductionȱofȱstackingȱfaultsȱbutȱcannotȱexplainȱtheȱexperimentallyȱobservedȱpeakȱshiftsȱ
ofȱexpandedȱaustenite.ȱThisȱwasȱalsoȱverifiedȱforȱsimulationsȱofȱarbitrarilyȱchosenȱ10%ȱlayerȱ
contractionȱandȱexpansionȱ(notȱshown).ȱ
7.2 Elasticȱanisotropyȱandȱdislocationsȱ
BasedȱonȱDebyeȱsimulations,ȱaȱhighȱdensityȱofȱscrewȱdislocationsȱwasȱproposedȱtoȱexplainȱ
theȱ observedȱ broadeningȱ ofȱdiffractionȱ peaksȱ forȱ expandedȱ austeniteȱ (Oddershedeȱ etȱ al.,ȱ
2008a),ȱwhichȱ cannotȱ beȱ accountedȱ forȱ byȱ stackingȱ faultsȱ alone.ȱ Theȱ anisotropicȱ strainȱ
broadeningȱcausedȱbyȱdislocationsȱcan,ȱinȱmanyȱcases,ȱbeȱdescribedȱbyȱtakingȱintoȱaccountȱ
theȱ soȬcalledȱ contrastȱ factorsȱ ofȱdislocations,ȱChklȱ (Ungárȱ&ȱBorbély,ȱ 1996).ȱ Forȱ randomlyȱ
populatedȱslipȱsystemsȱorȱuntexturedȱpolycrystals,ȱtheȱcontrastȱfactorsȱcanȱbeȱaveragedȱandȱ
theȱFWHMȱofȱdiffractionȱpeaks,ȱ̇q,ȱcanȱbeȱexpressedȱbyȱtheȱmodifiedȱWilliamsonȬHallȱplotȱ
asȱ(Ungárȱ&ȱBorbély,ȱ1996;ȱUngárȱetȱal.,ȱ2001):ȱ
ȱ
̇qȱ=ȱAȱ+ȱB
22/1 )( Cq ȱ+ȱO
42/1 )( Cq  (7.4)
ȱ
whereȱCȱisȱ theȱaverageȱcontrastȱ factorȱforȱdislocations,ȱAȱ isȱaȱparameterȱdependingȱonȱ theȱ
apparentȱ sizeȱofȱ crystallitesȱorȱ coherentlyȱdiffractingȱdomains,ȱBȱdependsȱonȱ theȱaverageȱ
dislocationȱ density,ȱ theȱmagnitudeȱ ofȱ theȱ Burgersȱ vectorȱ andȱ theȱ effectiveȱ outerȱ cutȬoffȱ
radiusȱ ofȱ dislocationsȱ andȱ Oȱ denotesȱ nonȬinterpretedȱ higherȱ orderȱ terms,ȱ whichȱ areȱ
disregarded.ȱ Forȱ theȱ mostȱ commonȱ slipȱ systemsȱ inȱ f.c.c.ȱ crystals,ȱ theȱ averageȱ contrastȱ
factorsȱ forȱ pureȱ screwȱ andȱ pureȱ edgeȱ dislocationsȱ canȱ beȱ calculatedȱ fromȱ theȱ elasticȱ
constantsȱ(Ungárȱetȱal.,ȱ1999).ȱ
Theȱ elasticȱ propertiesȱ ofȱmetallicȱ f.c.c.ȱ structuresȱ areȱ typicallyȱ anisotropicȱ withȱ theȱ
highestȱelasticȱmodulusȱinȱ<111>ȱdirectionsȱwhileȱ<100>ȱdirectionsȱareȱtheȱmostȱcompliant.ȱ
Theȱ elasticȱ constantsȱ forȱ expandedȱ austeniteȱ areȱ notȱ known,ȱ butȱ theȱ elasticȱ modulusȱ
dependsȱonȱinterstitialȱcontentȱandȱexhibitsȱaȱmaximumȱinȱ<100>ȱdirectionsȱ(Tromasȱetȱal.,ȱ
2012),ȱalthoughȱ thisȱmayȱbeȱ theȱ resultȱofȱunresolvedȱorientationȬdependentȱdifferencesȱ inȱ
nitrogenȱconcentration.ȱTheȱanisotropyȱofȱexpandedȱausteniteȱisȱthusȱreversedȱsimilarȱtoȱtheȱ
elasticȱpropertiesȱ ofȱ ·’ȬFe4Nȱ (Gressmannȱ etȱal.,ȱ 2007;ȱTakahashiȱ etȱal.,ȱ 2012).ȱTheȱ averageȱ
contrastȱ factorsȱ wereȱ calculatedȱ forȱ pureȱ screwȱ andȱ pureȱ edgeȱ dislocationsȱ andȱ aȱ
combinationȱofȱhalfȱscrewȱandȱhalfȱedgeȱdislocationsȱaccordingȱtoȱUngárȱetȱal.ȱ(1999)ȱusingȱ
theȱ elasticȱ constantsȱ ofȱAISIȱ 304ȱ austeniticȱ stainlessȱ steelȱ (Ledbetter,ȱ 1984)ȱ andȱ ·’ȬFe4Nȱ
(Gressmannȱetȱal.,ȱ2007)ȱasȱapproximations.ȱCorrectionsȱforȱinstrumentalȱbroadeningȱforȱtheȱ
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experimentalȱdataȱwasȱappliedȱassumingȱ theȱcontributionsȱaddȱupȱ inȱaȱGaussianȱmanner;ȱ
̇q2totalȱ =ȱ ̇q2sampleȱ +ȱ ̇q2instrument.ȱ Inȱ anyȱ case,ȱ theȱ instrumentalȱ contributionȱ isȱ negligibleȱ
comparedȱtoȱtheȱbroadeningȱofȱexpandedȱaustenite.ȱ
ȱ
ȱ
Figureȱ7.8:ȱModifiedȱWilliamsonȬHallȱplotsȱofȱnitrogenȱexpandedȱausteniteȱforȱpureȱscrew,ȱpureȱ
edgeȱandȱhalfȱscrewȱandȱhalfȱedgeȱdislocationsȱwithȱaverageȱcontrastȱfactorsȱcalculatedȱusingȱtheȱ
elasticȱconstantsȱofȱAISIȱ304ȱausteniticȱstainlessȱsteelȱ(aȬc)ȱandȱ·’ȬFe4Nȱ(dȬf).ȱ
AȱsmoothȱquadraticȱfunctionȱisȱpredictedȱforȱtheȱpeakȱwidthsȱbyȱtheȱmodifiedȱWilliamsonȬ
Hallȱplotsȱ(Figureȱ7.8),ȱbutȱsignificantȱdeviationsȱareȱobserved.ȱTheȱbestȱfitȱ isȱobtainedȱ forȱ
pureȱedgeȱdislocationsȱusingȱtheȱelasticȱconstantsȱofȱausteniticȱstainlessȱsteel.ȱTheȱmodifiedȱ
WilliamsonȬHallȱapproachȱcanȱbeȱcorrectedȱforȱtheȱcontributionsȱtoȱpeakȱbroadeningȱfromȱ
stackingȱ faultsȱ (Ungárȱ etȱal.,ȱ1998),ȱbutȱanȱappreciableȱ improvementȱofȱ theȱplotsȱwasȱnotȱ
obtainedȱ inȱ theȱpresentȱ case.ȱTheȱdeviationsȱ fromȱaȱ smoothȱquadraticȱ curveȱ suggestȱ thatȱ
additionalȱ factorsȱbeyondȱdislocationsȱandȱstackingȱ faultsȱcontributeȱ toȱ theȱbroadeningȱofȱ
diffractionȱpeaksȱforȱexpandedȱaustenite.ȱInȱaddition,ȱnoȱtenableȱexplanationȱhasȱsoȱfarȱbeenȱ
obtainedȱforȱtheȱobservedȱhklȬdependentȱpeakȱshifts.ȱ
7.2.1 Misfit,ȱinternalȱstrainȱandȱmosaicityȱ
Althoughȱaȱsatisfactoryȱstructuralȱmodelȱhasȱyetȱtoȱbeȱfound,ȱthereȱareȱdefiniteȱsystematicȱ
trendsȱ inȱ theȱdirectionsȱofȱ theȱhklȬdependentȱpeakȱ shiftsȱ (seeȱe.g.ȱFigureȱ7.7).ȱThisȱcanȱbeȱ
clearlyȱshownȱbyȱcalculatingȱanȱeffectiveȱcubicȱlatticeȱparameterȱforȱeachȱpeakȱpositionȱandȱ
comparingȱ itȱ toȱ theȱ averageȱ obtainedȱvalueȱ (Figureȱ 7.9),ȱwhichȱ revealsȱ theȱnatureȱ ofȱ theȱ
apparentȱanisotropicȱexpansion.ȱ
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Figureȱ7.9:ȱProjectionȱofȱunitȱvectorsȱofȱcrystallographicȱdirectionsȱdownȱ[111]ȱonȱtheȱ(111)ȱplaneȱ
withȱ theȱ correspondingȱ effectiveȱ cubicȱ latticeȱ parametersȱ belowȱ (blue)ȱ andȱ aboveȱ (red)ȱ theȱ
averageȱvalueȱ (left)ȱandȱ schematicȱdepictionȱofȱ theȱprojectionȱ (right).ȱTheȱpointsȱdenotedȱ [111]ȱ
andȱ[200]ȱreferȱtoȱtheȱpairsȱofȱreflectionsȱ111/222ȱandȱ200/400,ȱrespectively,ȱforȱwhichȱtheȱeffectiveȱ
latticeȱparametersȱareȱbothȱeitherȱbelowȱorȱaboveȱaverageȱ(butȱnotȱnecessarilyȱbyȱanȱequalȱamountȱ
cf.ȱFigureȱ7.7).ȱ
Diagonalȱ directionsȱ likeȱ <111>ȱ andȱ <110>ȱ areȱ seeminglyȱ expandedȱ lessȱ thanȱ <100>ȱ andȱ
relatedȱdirections,ȱwhichȱstronglyȱsuggestsȱthatȱtheȱhklȬdependentȱpeakȱshiftsȱareȱrelatedȱtoȱ
elasticȱanisotropyȱofȱtheȱf.c.c.ȱstructure.ȱInȱaddition,ȱitȱisȱnotedȱthatȱ111ȱandȱ222ȱreflectionsȱ
areȱbroadenedȱtoȱaȱlesserȱextentȱthanȱotherȱdiffractionȱpeaksȱ(Figureȱ7.5).ȱAnisotropicȱpeakȱ
shiftsȱ areȱ expectedȱ fromȱ compressiveȱ stressesȱ arisingȱ forȱ anȱ expandedȱ austeniteȱ zoneȱ
constrainedȱbyȱanȱunderlyingȱausteniticȱstainlessȱsteelȱmatrixȱ(Christiansenȱetȱal.,ȱ2010).ȱTheȱ
presentȱ fullyȱ nitridedȱ sampleȱ is,ȱ however,ȱ notȱ subjectȱ toȱ suchȱ aȱ constraintȱ andȱ residualȱ
stressesȱshouldȱthusȱbeȱabsent.ȱȱ
Itȱisȱconceivableȱthatȱinternalȱstressesȱbuildȱupȱduringȱformationȱofȱexpandedȱausteniteȱ
whenȱaȱconcentrationȱgradientȱisȱpresent.ȱTheseȱmayȱbeȱaccommodatedȱelasticallyȱorȱcauseȱ
plasticȱ deformations.ȱ Increasedȱmosaicity,ȱ i.e.ȱmisorientationȱ dueȱ toȱ slipȱ andȱ associatedȱ
rotation,ȱhasȱbeenȱreportedȱforȱexpandedȱausteniteȱformedȱonȱsingleȱcrystalsȱ(Rivièreȱetȱal.,ȱ
2007).ȱThisȱcouldȱexplainȱtheȱobservedȱapparentȱreductionȱinȱsizeȱofȱcoherentlyȱdiffractingȱ
domainsȱonȱformationȱofȱexpandedȱausteniteȱ(seeȱFigureȱB.2,ȱAppendixȱB.1)ȱandȱtheȱmosaicȱ
blocksȱareȱlikelyȱrotatedȱtoȱaccommodateȱtheȱanisotropicȱstrains.ȱThisȱwouldȱexplainȱwhyȱaȱ
simpleȱ reductionȱ inȱ symmetry,ȱ fromȱproposedȱ tetragonalȱ toȱ triclinicȱ latticesȱhasȱ failedȱ inȱ
describingȱobtainedȱdiffractograms.ȱ
Alternative,ȱ orȱ perhapsȱ complimentary,ȱ considerationsȱ involveȱ misfitȱ strainsȱ fromȱ
precipitateȱplatelets,ȱwhichȱcanȱcauseȱdisplacementȱofȱdiffractionȱpeakȱpositionsȱ(Borȱetȱal.,ȱ
1997,ȱ2002).ȱGuinierȬPrestonȱ (GP)ȬzoneȱdiscȬshapedȱprecipitatesȱ inȱaȱCuȬbasedȱalloyȱhaveȱ
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beenȱ foundȱ toȱ causeȱ broadeningȱ andȱ shiftsȱ ofȱdiffractionȱ peakȱ componentsȱ qualitativelyȱ
similarȱtoȱwhatȱisȱobservedȱforȱexpandedȱaustenite,ȱi.e.ȱaȱlargeȱeffectȱonȱ200ȱandȱ400ȱpeaksȱ
whileȱ111ȱandȱ222ȱpeaksȱareȱrelativelyȱunaffectedȱ(Kuželȱetȱal.,ȱ1997).ȱPlanarȱclustersȱofȱMNȱ
(Mȱ =ȱ Cr,ȱ Fe)ȱ precipitatesȱ haveȱ beenȱ observedȱ forȱ expandedȱ austeniteȱ producedȱ byȱ lowȱ
temperatureȱplasmaȱnitridingȱ (Martinavi²iusȱ etȱal.,ȱ2015),ȱbutȱ theȱ longȱ treatmentȱ timeȱ (30ȱ
hours)ȱalsoȱproducedȱaȱsmallȱamountȱofȱCrNȱnearȱtheȱsurface,ȱdetectableȱbyȱXRD.ȱ
7.3 Conclusionsȱ
Althoughȱ theȱ presenceȱ ofȱ dislocationsȱ andȱ stackingȱ faultsȱ inȱ theȱ structureȱ ofȱ expandedȱ
austeniteȱhaveȱbeenȱobservedȱwithȱtransmissionȱelectronȱmicroscopyȱ(Jiangȱ&ȱMeletis,ȱ2000;ȱ
Riviéreȱetȱal.,ȱ2002)ȱtheyȱcannotȱentirelyȱexplainȱtheȱobservedȱbroadeningȱandȱdisplacementȱ
ofȱ XȬrayȱ diffractionȱ peaks.ȱ Evenȱ forȱ homogeneousȱ samplesȱ notȱ constrainedȱ byȱ anȱ
underlyingȱ austeniticȱ stainlessȱ steelȱmatrix,ȱ theȱ hklȬdependentȱ peakȱ shiftsȱ areȱ seeminglyȱ
causedȱbyȱtheȱelasticȱanisotropyȱofȱtheȱf.c.c.ȱstructure.ȱTheȱapparentȱanisotropicȱexpansionȱ
causedȱbyȱ incorporationȱofȱ largeȱamountsȱofȱ interstitialȱatomsȱ resultsȱ inȱstrainsȱdeviatingȱ
fromȱcubicȱsymmetry.ȱ
Previousȱresultsȱrelyingȱonȱtheȱstackingȱfaultȱmodelȱprimarilyȱfittedȱtoȱtheȱ111ȱandȱ200ȱ
diffractionȱpeaksȱandȱ theȱ resultsȱobtainedȱ inȱChapterȱ6ȱcanȱstillȱbeȱconsideredȱvalidȱwithȱ
respectȱ toȱ theȱ obtainedȱ cubicȱ latticeȱ parameters.ȱ Theȱ hklȬdependentȱ peakȱ shiftsȱ should,ȱ
however,ȱnotȱ beȱ interpretedȱ inȱ termsȱ ofȱ stackingȱ faults.ȱTheȱ obtainedȱ valuesȱ ofȱ stackingȱ
faultȱ probabilitiesȱ shouldȱ ratherȱ beȱ consideredȱ asȱ aȱmeasureȱ ofȱ theȱ anisotropicȱ strains,ȱ
whichȱcurrentlyȱlacksȱanȱexactȱquantitativeȱinterpretation.ȱElasticȱstrainsȱcannotȱcompletelyȱ
describeȱdiffractionȱdataȱ forȱexpandedȱausteniteȱsinceȱ theȱshiftsȱofȱ200ȱandȱ400ȱreflectionsȱ
areȱnotȱequal.ȱ
Possibleȱ anisotropicȱ effectsȱ onȱ theȱ crystalȱ structureȱ dueȱ toȱ variationsȱ inȱ magneticȱ
propertiesȱwithȱ interstitialȱcontentȱ (Sectionȱ6.4)ȱshouldȱalsoȱbeȱconsidered.ȱPeakȱshiftsȱareȱ
generallyȱ evidentȱ toȱ aȱ lesserȱ extentȱ forȱ lowȱ interstitialȱ contents,ȱ forȱ whichȱ expandedȱ
austeniteȱ isȱ paramagnetic.ȱ Otherȱ effectsȱ thanȱ magneticȱ anisotropyȱ must,ȱ however,ȱ beȱ
presentȱ sinceȱ considerableȱpeakȱ shiftsȱareȱobservedȱ forȱbothȱ intermediateȱ (ferromagnetic)ȱ
andȱhighȱ(paramagnetic)ȱnitrogenȱcontents.ȱ
Inȱ orderȱ toȱ obtainȱ aȱ satisfactoryȱ structuralȱ modelȱ forȱ expandedȱ austenite,ȱ whichȱ
describesȱbothȱpotentialȱ shortȱandȱ longȱ rangeȱorderȱofȱnitrogenȱand/orȱ carbonȱasȱwellȱasȱ
elasticȱ properties,ȱ firstȱ principlesȱmodelsȱ shouldȱ beȱ considered.ȱDirectȱ comparisonȱwithȱ
experimentalȱdataȱmay,ȱ however,ȱ beȱdifficultȱ sinceȱ theseȱ includeȱ theȱ effectsȱ ofȱ theȱ largeȱ
numberȱ ofȱ crystallographicȱ defects,ȱwhichȱ seemȱ toȱ beȱ anȱ integralȱ partȱ ofȱ theȱ structure.ȱ
Futureȱ experimentalȱ workȱ should,ȱ ifȱ possible,ȱ focusȱ onȱ reciprocalȱ spaceȱ mappingȱ ofȱ
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homogeneousȱ singleȱ crystalsȱ ofȱ expandedȱ austeniteȱ avoidingȱ theȱ influencesȱ ofȱ
concentrationȱ gradientsȱ andȱ residualȱ compressiveȱ stresses,ȱwhichȱ areȱ presentȱ inȱ currentȱ
singleȱcrystalȱworkȱ(Rivièreȱetȱal.,ȱ2007).ȱ
ȱ
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Theȱ presentȱworkȱwasȱmotivatedȱ byȱ theȱ currentlyȱ incompleteȱ availableȱ descriptionsȱ ofȱ
nitridingȱ andȱ nitrocarburizingȱ processes,ȱ bothȱ inȱ termsȱ ofȱ theȱ governingȱ kineticsȱ andȱ
thermodynamics,ȱasȱwellȱasȱtheȱresultingȱcrystalȱstructuresȱandȱmagneticȱproperties.ȱKineticȱ
informationȱwasȱnotȱevaluatedȱbutȱphaseȱcompositionsȱdevelopedȱinȱappliedȱatmospheresȱ
ofȱcontrolledȱnitridingȱandȱcarburizingȱpotentialsȱ (activitiesȱofȱnitrogenȱandȱcarbon)ȱwereȱ
investigated.ȱ Thermalȱdecomposition,ȱ i.e.ȱ phaseȱ stabilitiesȱ atȱ elevatedȱ temperatures,ȱwasȱ
examinedȱ inȱ inertȱ atmospheres.ȱ Coefficientsȱ ofȱ thermalȱ expansionȱwereȱ evaluatedȱ sinceȱ
theseȱareȱneededȱ toȱcorrectlyȱpredictȱdevelopmentȱofȱ thermallyȱ inducedȱresidualȱstresses.ȱ
Theȱ interplayȱ betweenȱ magneticȱ andȱ structuralȱ propertiesȱ wasȱ examinedȱ forȱ certainȱ
structures.ȱ
Aȱmethodȱ forȱ preparingȱ homogeneousȱ samplesȱ ofȱ ironȱ carbidesȱ andȱ (carbo)nitridesȱ
withȱcontrolledȱnitridingȱandȱcarburizingȱpotentialsȱwasȱpresented.ȱTheȱprocessȱinvolvesȱaȱ
pretreatmentȱ forȱpreparingȱporousȱ ironȱ foilsȱ andȱ allowsȱ constructionȱofȱ aȱphaseȱ stabilityȱ
diagramȱ forȱ theȱFeȬNȬCȱ system.ȱThermalȱdecompositionȱ sequencesȱ forȱ ironȱ carbidesȱ andȱ
carbonitridesȱwereȱestablished.ȱDifferentȱthermalȱexpansionȱcoefficientsȱwereȱfoundȱforȱtheȱ
paramagneticȱ andȱ ferromagneticȱ statesȱ ofȱ cementite,ȱ whileȱ noȱ suchȱ dependenceȱ wasȱ
evidentȱforȱHäggȱcarbide.ȱ
Partialȱ substitutionȱofȱnitrogenȱbyȱ carbonȱ inȱ ΉȬironȱnitrideȱ affectsȱbothȱmagneticȱ andȱ
structuralȱproperties.ȱTrendsȱinȱmagneticȱpropertiesȱincludeȱincreasingȱCurieȱtemperaturesȱ
andȱ specificȱ magnetization.ȱ Changesȱ inȱ interstitialȱ orderingȱ wereȱ deducedȱ fromȱ theȱ
ȱ
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observedȱ effectsȱ onȱ latticeȱ parametersȱ andȱ relatedȱ toȱ relativelyȱ favorableȱ interactionsȱ
betweenȱnitrogenȱandȱcarbon.ȱTheȱeffectsȱofȱinterstitialȱorderingȱwereȱalsoȱapparentȱforȱtheȱ
anisotropicȱ thermalȱ expansion.ȱ Theȱ lowȱ XȬrayȱ scatteringȱ powerȱ ofȱ nitrogenȱ andȱ carbonȱ
necessitatedȱtheȱuseȱofȱneutronȱdiffractionȱforȱcorrectȱassignmentȱofȱtheȱspaceȱgroupȱforȱtheȱ
ΉȬcarbonitrides.ȱTheseȱareȱdescribedȱinȱspaceȱgroupȱP3–1mȱasȱopposedȱtoȱP6322ȱforȱtheȱpureȱ
nitrides.ȱ Individualȱ componentsȱ identifiedȱ inȱ Mössbauerȱ spectra,ȱ particularlyȱ thoseȱ
correspondingȱ toȱ ironȱ atomsȱ surroundedȱ byȱ threeȱ nitrogenȱ orȱ carbonȱ atoms,ȱ shouldȱ beȱ
interpretedȱ asȱ anȱ approximationȱ forȱ theȱ distributionȱ inȱ hyperfineȱ fieldsȱ causedȱ byȱ theȱ
configurationȱ ofȱ interstitialȱ atoms.ȱ Additionalȱ componentsȱ wereȱ notȱ observedȱ onȱ
introductionȱofȱcarbonȱinȱtheȱΉȬnitrides,ȱi.e.ȱironȱatomsȱpreferentiallyȱsurroundedȱbyȱeitherȱ
nitrogenȱorȱcarbon,ȱifȱpresent,ȱcouldȱnotȱbeȱresolved.ȱTheȱsubstitutionȱofȱnitrogenȱbyȱcarbonȱ
causesȱ increasedȱ hyperfineȱ fieldsȱ andȱ decreasedȱ isomerȱ shiftsȱ comparedȱ toȱ fittedȱ
componentsȱforȱtheȱpureȱnitrides.ȱ
Thermalȱ decompositionȱ ofȱ expandedȱ austeniteȱ withȱ highȱ nitrogenȱ contentȱ leadsȱ toȱ
developmentȱofȱCrNȱandȱaȱ transitionalȱphaseȱcorrespondingȱ toȱtheȱcompositionȱM4N.ȱForȱ
lowȱnitrogenȱcontent,ȱCrNȱformsȱalongȱwithȱferrite,ȱandȱdecompositionȱofȱcarbonȱexpandedȱ
austeniteȱ leadsȱ toȱ initialȱ formationȱ ofȱHäggȱ carbide,ȱM5C2,ȱ followedȱ byȱM7C3.ȱAtȱ roomȱ
temperature,ȱexpandedȱausteniteȱ isȱparamagneticȱ forȱhighȱandȱ lowȱnitrogenȱ contentsȱbutȱ
ferromagneticȱ forȱ intermediateȱ contents.ȱ Spontaneousȱ volumeȱ magnetostrictionȱ inȱ theȱ
ferromagneticȱstateȱcausesȱanȱanomalousȱvariationȱ inȱ thermalȱexpansionȱcoefficientsȱwithȱ
interstitialȱ content.ȱ Theȱ increasedȱ volumeȱ dueȱ toȱ magneticȱ orderingȱ explainsȱ whyȱ theȱ
previouslyȱ reportedȱ relationȱ betweenȱ latticeȱ parameterȱ andȱ interstitialȱ contentȱ forȱ
homogeneousȱsamplesȱofȱnitrogenȱexpandedȱausteniteȱdoesȱnotȱ includeȱ theȱvalueȱ forȱ theȱ
untreatedȱ (paramagnetic)ȱ steelȱ atȱ yNȱ =ȱ 0.ȱ Theȱ reportedȱ relationȱ forȱ carbonȱ expandedȱ
austeniteȱ doesȱ includeȱ thisȱ value,ȱwhichȱ isȱ consistentȱwithȱ aȱ lowerȱ solubilityȱ ofȱ carbonȱ
comparedȱ toȱ nitrogen,ȱ resultingȱ inȱ insufficientȱ expansionȱ ofȱ theȱ latticeȱ toȱ induceȱ aȱ
ferromagneticȱ transition.ȱ Theȱ effectsȱ ofȱ stackingȱ faultsȱ onȱ hklȬdependentȱ shiftsȱ ofȱ Braggȱ
reflectionsȱ wereȱ includedȱ inȱ theȱ evaluationȱ ofȱ diffractionȱ data.ȱ Thereȱ areȱ significantȱ
deficienciesȱ inȱ theȱ simpleȱ stackingȱ faultȱ modelȱ butȱ noȱ entirelyȱ acceptableȱ andȱ
implementableȱstructuralȱdescriptionȱisȱcurrentlyȱavailable.ȱ
Dislocationsȱandȱstackingȱfaultsȱareȱpresentȱinȱtheȱstructureȱofȱexpandedȱausteniteȱbutȱ
cannotȱ entirelyȱ explainȱ theȱ observedȱ broadeningȱ andȱ displacementȱ ofȱ XȬrayȱ diffractionȱ
peaks.ȱThisȱwasȱverifiedȱbyȱ comparisonȱofȱ experimentalȱdataȱwithȱDebyeȱ simulationsȱofȱ
faultedȱcrystalȱstructuresȱandȱwithȱsoȬcalledȱmodifiedȱWilliamsonȬHallȱplots.ȱPeakȱshiftsȱareȱ
seeminglyȱcausedȱbyȱtheȱelasticȱanisotropyȱofȱtheȱf.c.c.ȱstructureȱandȱmayȱalsoȱbeȱaffectedȱbyȱ
magneticȱanisotropy.ȱTheȱapparentȱdeviationsȱfromȱcubicȱsymmetryȱcurrentlyȱlackȱanȱexactȱ
quantitativeȱ interpretation.ȱ Inȱ orderȱ toȱ obtainȱ aȱ satisfactoryȱ structuralȱ description,ȱ firstȱ
ȱ
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principlesȱmodelsȱ shouldȱbeȱ consideredȱ forȱ futureȱwork.ȱDebyeȱ simulationsȱofȱ structuralȱ
modelsȱincludingȱcrystallographicȱdefectsȱandȱanisotropicȱeffectsȱonȱlatticeȱparameters,ȱmayȱ
alsoȱaidȱinȱtheȱunderstandingȱofȱexperimentallyȱobtainedȱdiffractionȱdata.ȱ
Futureȱ experimentalȱ effortsȱ shouldȱ focusȱ onȱ examiningȱ theȱ trendsȱ inȱ magneticȱ
propertiesȱforȱadditionalȱcompositionsȱofȱexpandedȱausteniteȱthanȱtheȱfourȱconsideredȱhere.ȱ
Compositionsȱ aroundȱ theȱ paramagneticȱ toȱ ferromagneticȱ transitionȱ inducedȱ byȱ latticeȱ
expansionȱareȱofȱparticularȱinterest.ȱTheȱvariationȱinȱlatticeȱparameterȱwithȱtemperature,ȱi.e.ȱ
coefficientsȱofȱthermalȱexpansion,ȱforȱtheseȱcompositionsȱshouldȱbeȱstudiedȱwithȱ inȱsituȱXȬ
rayȱ diffraction.ȱ Forcedȱ magnetostrictionȱ couldȱ additionallyȱ beȱ studiedȱ withȱ XȬrayȱ
diffractionȱ inȱ appliedȱ magneticȱ fields.ȱ Ifȱ possible,ȱ reciprocalȱ spaceȱ mappingȱ ofȱ
homogeneousȱsingleȱcrystalsȱshouldȱbeȱconsideredȱ forȱ furtherȱclarificationsȱonȱ theȱcrystalȱ
structure.ȱAdditionally,ȱ neutronȱ diffractionȱ canȱ beȱ usedȱ forȱ determinationȱ ofȱ interstitialȱ
orderingȱifȱsufficientȱhomogeneousȱmaterialȱcanȱbeȱsynthesized.ȱ
Asȱaȱfinalȱnote,ȱplentyȱofȱresearch,ȱbothȱfromȱmodellingȱandȱexperimentalȱapproaches,ȱ
isȱstillȱneededȱinȱorderȱtoȱfullyȱunderstand,ȱandȱtherebyȱbeȱableȱtoȱoptimize,ȱnitridingȱandȱ
nitrocarburizingȱprocesses.ȱTheȱpresentȱworkȱhasȱprovidedȱrelevantȱnewȱinsights,ȱaddingȱtoȱ
theȱcollectiveȱknowledgeȱofȱinterstitialȱsolidȱsolutionsȱofȱnitrogenȱandȱcarbonȱinȱironȬbasedȱ
lattices.ȱȱ
ȱ
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Nitrogen-expanded austenite, N, with high and low nitrogen contents was
produced from AISI 316 grade stainless steel powder by gaseous nitriding in
ammonia/hydrogen gas mixtures. In situ synchrotron X-ray diffraction was
applied to investigate the thermal expansion and thermal stability of expanded
austenite in the temperature range 385–920 K. Evaluation of the diffractograms
of the sample with a high nitrogen content, corresponding to an occupancy of
the interstitial lattice of 56%, with Rietveld reﬁnement yielded a best
convergence after including the stacking fault probability as a ﬁtting parameter.
The stacking fault density is constant for temperatures up to 680 K, whereafter it
decreases to nil. Surprisingly, a transition phase with compositionM4N (M = Fe,
Cr, Ni, Mo) appears for temperatures above 770 K. The linear coefﬁcient of
thermal expansion depends on the nitrogen content and is lowest for the sample
with a high level of nitrogen.
1. Introduction
Low-temperature nitriding of austenitic stainless steel intro-
duces nitrogen into the surface-adjacent region and improves
wear and fatigue performance (Christiansen & Somers, 2009;
Dong, 2010). The surface hardness can be increased by an
order of magnitude (Christiansen & Somers, 2005), while
corrosion resistance is retained and may even be improved by
the process (Fossati et al., 2006; Li & Bell, 2004). At
temperatures below approximately 720 K, a solid solution of
nitrogen forms in the nitrided zone containing 17–38 at.% N,
corresponding to an occupancy of the interstitial f.c.c. (face-
centred cubic) sublattice of 0.16–0.61 (Christiansen & Somers,
2006a). As the developing case is essentially a supersaturated
solid solution of nitrogen atoms in austenite it is referred to as
expanded austenite (N). Extended X-ray absorption ﬁne-
structure (EXAFS) studies have shown that Fe, Cr and Ni
exist in different local environments in expanded austenite
(Oddershede et al., 2008a, 2010). Short-range ordering of N
and Cr occurs. The majority of Cr atoms have a ﬁrst coordi-
nation shell with a bond length shorter than, but in the vicinity
of, the chemical compound CrN, and the coordination number
of Cr is maximally 5, while no X-ray diffraction (XRD) indi-
cations of CrN development were found (Oddershede et al.,
2010). Martinavicˇius et al. (2012) found a coordination number
of 5.7 and using ﬁeld ion microscopy they observed precipi-
tates preferentially at grain boundaries ascribed to CrN, which
were not detectable with XRD. The authors suggested for
their samples, produced by plasma-assisted nitriding, that the
expanded austenite structure consists of nanometric CrN
precipitates embedded in an Fe4N-like matrix. Whether these
observations can be transferred to expanded austenite
synthesized by other methods, e.g. gas nitriding, is still unclear.
Additionally, it has been reported that peak-width aniso-
tropies observed in diffraction proﬁles can be caused by screw
dislocations in the structure and that the dislocation density
increases with interstitial nitrogen occupancy (Oddershede et
al., 2008b).
In assessing the crystallography of N, the majority of
published investigations have focused on samples of an
expanded austenite zone grown into an austenite substrate
rather than on homogenous samples (see, for example, Fewell
& Priest, 2008). The resulting depth variation of the compo-
sition has several implications for the observed X-ray
diffractograms. The compositional inhomogeneity within the
investigated depth range causes asymmetric broadening and
the induced macrostress gradient over the expanded austenite
zone causes hkl-dependent shifts of the diffraction peaks
(O¨ztu¨rk &Williamson, 1995; Xu et al., 2000; Christiansen et al.,
2010). Asymmetric broadening is also anticipated from texture
gradients (Rivie`re et al., 2007). Additionally, faulting of the
f.c.c. lattice causes both an hkl-dependent shift of diffraction
peaks and asymmetric broadening. In order to avoid the
inﬂuences of composition-induced stresses and asymmetric
broadening, homogeneous samples should thus be used.
The current investigation presents results on the thermal
behaviour of expanded austenite investigated using in situ
synchrotron XRD and Rietveld reﬁnement. For this purpose,
powder samples of expanded austenite were synthesized with
high and low nitrogen contents. A structural description
similar to that described by Christiansen & Somers (2004) was
used: an f.c.c. lattice with stacking faults contributing to
systematic deviations of XRD peaks as described by Warren
(1990). It should be noted that Warren’s theory has been
demonstrated to be insufﬁciently accurate (Velterop et al.,
2000), but the deviations are relatively small for the strongest
f.c.c. reﬂections 111, 200 and 220, particularly for modest
stacking fault probabilities. Since there is no entirely accep-
table and implementable structural description at this point,
the Warren approach is deemed sufﬁcient in order to describe
the data obtained in the present work.
The thermal stability of nitrogen-expanded austenite was
previously investigated with thermogravimetry and differ-
ential thermal analysis and it was demonstrated that under an
inert atmosphere it is associated with the development of
molecular nitrogen gas, chromium nitride, ferrite and
nitrogen-depleted austenite (Christiansen & Somers, 2006b).
For austenitic stainless steel containing molybdenum (AISI
316L), it was hypothesized, on the basis of scarce data, that
decomposition occurred by discontinuous precipitation, while
for molybdenum-free stainless steel (AISI 304L), a eutectoid
transformation contributed to decomposition.
2. Experimental
2.1. Sample preparation
Gaseous nitriding of 5 mm AISI 316 grade stainless steel
powder (Ho¨gana¨s AB), with composition from chemical
analysis given in Table 1, was performed in ceramic crucibles
in a Netzsch STA449 C Jupiter thermal analyzer. For nitriding
ammonia, nitrogen and hydrogen of 99.999% purity were
applied. A sample with a high nitrogen content was synthe-
sized in an atmosphere of 95 vol.% NH3 and 5 vol.% N2 in two
temperature steps: initially at 693 K for 4 h followed by 673 K
for 25 h. A sample with a low nitrogen content was produced
by denitriding the high-nitrogen sample at 693 K for 2 h in a
gas consisting of 91 vol.% H2 and 9 vol.% N2. The nitrogen
content in the sample was calculated from the total nitrogen
uptake/release during nitriding/denitriding.
2.2. Synchrotron X-ray diffraction
Diffractograms were collected at a wavelength of  =
1.07051 (2) A˚ in transmission mode with a Huber G670
Guinier camera at MAX-lab beamline I711 (Cerenius et al.,
2000). In order to reduce the inﬂuence of ﬂuorescence
radiation, aluminium foils were positioned between the
sample and the detector. Samples were mounted in 0.7 mm-
diameter quartz capillaries ﬁlled with an inert argon atmo-
sphere to avoid oxidation and heated in a Huber 670.3
furnace. Temperature calibration and determination of the
applied wavelength were performed using an Si standard. The
correction for diffraction angle (2) zero shift was determined
from the untreated reference sample.
For each sample, 26 diffractograms were measured in the
temperature interval 385–920 K. Data were collected in a 2
range of 4–100 [corresponding to a q range from 0.4 to
9.0 A˚1, q = 4sin()/] with a ﬁxed step size of 0.005 in 2
and an exposure time of 240 s at each temperature step. After
exposure, the temperature was immediately ramped to the
next set point, and the average time for reaching and stabi-
lizing at each set point temperature prior to exposure was
226 s. Rietveld reﬁnements of intensity versus scattering angle
(2) were carried out using the program WINPOW, a local
variation of LHMP (Howard & Hill, 1986), in order to ﬁt
lattice parameters and mass fractions of the constituent
phases. Pseudo-Voigt proﬁle functions were applied together
with Chebyshev background polynomials. In order to incor-
porate the effect of stacking faults on the peak positions of
expanded austenite reﬂections, the equation derived by
Warren (1990) was included in the Rietveld reﬁnement.
Typically, residual values of Rp  1.29 and goodness-of-ﬁt
values 2  1.43 were obtained.
3. Results and interpretation
3.1. Nitriding
The morphology of the powder is shown on the scanning
electron microscopy (SEM) micrograph in Fig. 1, which
conﬁrms a mean particle size of 5 mm. X-ray diffractograms
(Fig. 2a) show that the untreated powder contains two phases:
austenite () and a signiﬁcant amount of a ferritic b.c.c. (body-
centred cubic) phase (). The thermodynamic equilibrium of
AISI 316 is a mixture of austenite and ferrite (Kjeldsen, 2013),
but chromium-rich -ferrite could also have formed during
solidiﬁcation of the powder. The phase composition deter-
mined by Rietveld reﬁnement (Fig. 2) is 13.7 (1) mass%  and
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Table 1
Chemical composition of untreated AISI 316 powder in mass%.
Fe Cr Ni Mo Mn C N S
Balance 16.2 13.3 2.3 <0.2 <0.05 <0.05 <0.005
Figure 1
SEM secondary electron image showing the morphology of the AISI 316
powder; the mean particle size is 5 mm.
86.3 (1) mass% . In order to avoid sintering of the ﬁne
powder, it was not fully austenitized before nitriding and the
presence of ferrite thus had to be tolerated.
The high-nitrogen sample was obtained by nitriding of the
AISI 316 powder until a stationary weight gain was reached,
suggesting an imposed equilibrium between nitrogen in the
gas phase and in the stainless steel. After 29 h treatment time,
all austenite was transformed and the nitrided sample
consisted mainly of expanded austenite (Fig. 2b). Previous
investigations on precipitation hardening stainless steel have
shown that nitriding of b.c.c. phases leads to a tetragonal
distortion followed by transformation to N for sufﬁciently
high nitrogen activities owing to the austenite-stabilizing
effects of N (Frandsen et al., 2006). This effect is not imme-
diately apparent from the present data since the ferritic phase
is partially retained in the nitrided sample, although a slight
broadening of ferrite peaks was observed. An additional
broad peak is present between the 111 and 200 reﬂections of
expanded austenite (q = 2.99 A˚1), which cannot be explained
by the  or N phases. This peak is attributed to the presence
of the hexagonal nitride "-M2N1z, with M representing the
metallic composition of the AISI 316 matrix. The nitride is
based on an h.c.p. (hexagonal close packed) lattice of metal
atoms and a composition corresponding to z’ 0.1 is estimated
from comparison with the lattice parameters reported for "-
Fe2N1z (Somers et al., 1997). No higher-order reﬂections from
this phase are discernible, but additional diffractograms
recorded to verify the identity (not shown) did indicate the
presence of a 112 peak of the " phase. Initial experiments had
shown that this phase could form on prolonged nitriding of
fully austenitic foil pieces at 693 K. It is likely that the
nucleation of the " phase is promoted by the large surface area
on nitriding a ﬁne powder.
Two major differences are noticed between the untreated
and nitrided sample: (i) diffraction peaks for expanded
austenite are considerably broadened and shifted towards
lower q, and (ii) the q shift is expected from the expansion of
the crystal structure but the peaks do not ﬁt ideal f.c.c. posi-
tions. The broadening may be (at least) partially explained by
an inhomogeneous nitrogen distribution in the nitrided
sample (Christiansen & Somers, 2005). This effect should,
however, be limited as 5 mm powder was used and it is noted
that no pronounced tailing of the line proﬁles towards high q is
observed. This is in accordance with limited inhomogeneities
in the nitrogen distribution, i.e. no concentration gradients.
Therefore broadening is interpreted as a consequence of the
faulted structure of expanded austenite, which is also the
origin of the hkl-dependent displacement of the diffraction
peaks from their ideal f.c.c. positions. The peak positions can
be accurately described by including the stacking fault prob-
ability, sf, as a ﬁt parameter. The systematic hkl-dependent
deviations of XRD peaks from their ideal positions, as
described by Warren (1990), were adopted for this purpose.
The reﬁnement proﬁle does not entirely describe the observed
broadening of N diffraction peaks. Since these peaks are
partly overlapping with peaks from  and " phases and the
contributions from screw dislocations and potential micro-
strain and size effects should also be taken into account, no
further ﬁtting of the broadening was attempted.
The low-nitrogen sample was denitrided in an H2 atmo-
sphere which retracts loosely bound interstitial nitrogen.
Correspondingly, in Fig. 2(c) the shift of the diffraction peaks
for expanded austenite to lower q is not as pronounced as in
Fig. 2(b). The broad peak attributed to "-M2N1z is slightly
shifted towards higher q. This further indicates that the phase
has a broad homogeneity range, because the shift corresponds
to a reduction in nitrogen content. The ferrite phase is still
present.
The interstitial nitrogen content of N can be estimated
from the lattice parameter, a, of expanded austenite using the
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Figure 2
X-ray diffraction pattern, reﬁned Rietveld proﬁle and difference curve up
to q = 6.3 A˚1 for (a) the AISI 316 reference sample, (b) the high-
nitrogen sample and (c) the low-nitrogen sample. Vertical lines mark
Bragg positions. Black markers in (b) indicate ideal unfaulted f.c.c.
positions.
reported relation between a and the interstitial nitrogen
occupancy, yN (Christiansen & Somers, 2006a). Since diffrac-
tograms were recorded starting from 385 K, it is necessary to
use ﬁtted coefﬁcients of thermal expansion to obtain the
values at room temperature. See x4.1 for a detailed discussion
of how the lattice parameters evolve with temperature. For the
high-nitrogen sample this yields an occupancy of yN = 0.56,
where yN is the fraction of the interstitial sublattice occupied
by nitrogen atoms, which, for f.c.c., is equivalent to the number
of N atoms per metal atom. This corresponds to a nitrogen-to-
chromium ratio (cf. Table 1) of 3.22, in excellent agreement
with the previously reported maximum solubility in AISI 316
(Christiansen & Somers, 2006a).
The lattice parameter for the low-nitrogen sample is below
the minimum value in the reported relation, and extrapolation
is not feasible since the lattice parameter does not linearly
approach that of the untreated steel. Another relation exists
for low interstitial contents as reported for carbon-expanded
austenite (Hummelshøj et al., 2010). Using this as an
approximation yields yN = 0.14 which is indeed lower than the
previously reported minimum solubility. This is not surprising
since the Cr content in the presently applied steel is lower than
the one used by Christiansen & Somers (2006a), and the
retained nitrogen is interpreted as trapped by Cr, which has
the highest afﬁnity for N of the elements present in the sample.
The nitrogen-to-chromium ratio obtained is, however, also
lower than anticipated: N:Cr = 0.804 as compared to the
expected minimum N:Cr = 0.891. It appears that the minimum
obtainable solubility of N in homogeneous samples of
expanded austenite depends on the Cr content, but is not
constrained to a ﬁxed ratio. Alternatively, the lower obtained
ratio may be explained by an initial formation of -ferrite on
solidiﬁcation of the original powder. This lowers the concen-
tration of Cr in the austenite phase, thereby limiting the
nitrogen content, and leads to an underestimated calculated
nitrogen-to-chromium ratio.
3.2. In situ diffraction
Recorded diffraction proﬁles as a function of temperature
are given as contour plots in Fig. 3. Indexed peaks are those
corresponding to (expanded) austenite (see Fig. 2 for  and "
peak positions). For the untreated sample (Fig. 3a), the ferrite
phase transforms into austenite above 820 K, in good corre-
spondence to Thermo-Calc results of ferrite and austenite
stability in AISI 316 (Kjeldsen, 2013). At the highest investi-
gated temperature, 920 K, the sample contains 97.1 (5) mass%
austenite. As a consequence of thermal expansion of austenite
and ferrite, a slight shift of the diffraction peaks towards lower
q is observed with increasing temperature.
For the high-nitrogen sample the only evident change up to
700 K is thermal expansion. Above this temperature a deﬂa-
tion of the lattice parameter of expanded austenite, as mani-
fested by an increase in q for N reﬂections, is caused by a
decrease in interstitial content. Above 840 K, formation of an
austenite phase with lattice parameters comparable to those of
the untreated sample is visible. The release of nitrogen from
expanded austenite causes a gradual decrease in the lattice
parameters, but the transformation of N to the ﬁnal austenite
phase, , is accompanied by a discontinuity. A transitional
phase, T, with an intermediate lattice parameter was
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Figure 3
Contour plot of all recorded diffraction proﬁles up to q = 6.0 A˚1 versus
temperature for (a) the AISI 316 reference sample, (b) the high-nitrogen
sample and (c) the low-nitrogen sample. Indexed peaks are (expanded)
austenite and the 111 peak of the T phase is indicated with an arrow.
Higher-order reﬂections are faint but visible. Intensity-rescaled inserts
are added to emphasize the emerging 111 peak of CrN and the q shift of
the " 111 peak.
observed, indicated by an arrow in Fig. 3(b). The 111 peak of
"-M2N1z shifts towards higher q in the same temperature
range as expanded austenite and disappears beyond 900 K,
indicating a nitrogen depletion of the " phase, in accordance
with the broad homogeneity range of this nitride. Formation of
CrN from the decomposition of expanded austenite was
detected above 750 K.
The ﬁrst change in phase composition for the low-nitrogen
sample is an increase in intensity of the ferrite peaks above
750 K (Fig. 3c). Following this, the decomposition of expanded
austenite becomes apparent from the decreasing lattice
parameter. Note that, unlike the high-nitrogen sample, the
change in composition of the N phase is negligible up to
almost 850 K. The 111 peak of "-M2N1z shifts slightly towards
higher q beyond 750 K before disappearing at 840 K. The
initial formation of CrN takes place at 800 K and  peaks are
observed at 840 K.
3.3. Phase transformations
Phase transformation maps showing the reﬁned mass frac-
tions are given in Fig. 4. Formation of CrN from the decom-
position of expanded austenite starts at 750 K and increases
up to a ﬁnal mass fraction of 0.177 at 920 K. The amount of "-
M2N1z remains almost constant up to 900 K. The transitional
phase, T, constitutes a maximum mass fraction of 0.173 at
860 K before the amount decreases at higher temperatures.
The initial total nitrogen content in the sample obtained from
thermogravimetry during nitriding was 12 mass%, while the
ﬁnal mass fraction of CrN accounts for a total nitrogen content
of 3.8 mass%. A signiﬁcant amount of the dissolved nitrogen
content has thus been released as N2, in accordance with
previously reported observations on annealing expanded
austenite in an inert (N2) atmosphere (Christiansen & Somers,
2006b).
The ﬁrst change in phase composition for the low-nitrogen
sample (Fig. 4b) occurs at 750 K, where the amount of ferrite
increases at the cost of expanded austenite. This is interpreted
as the ﬁrst indication of the decomposition of expanded
austenite and is directly followed by development of CrN. The
decrease of the lattice parameters of N at 840 K coincides
with decomposition of the " phase and the formation of an
austenite phase with lattice parameter comparable to that of
the untreated sample. The formation of ferrite from decom-
position of N at temperatures below 900 K is in agreement
with Thermo-Calc results of ferrite and austenite stability in
AISI 316 containing nitrogen (Christiansen & Somers, 2006b).
Above 900 K, ferrite is transformed into austenite and the
ﬁnal decomposition products for both samples are austenite
and CrN, in good agreement with the Thermo-Calc calcula-
tions. Ferrite formation was not observed in the high-nitrogen
sample, most likely as a consequence of the abundant presence
of austenite-stabilizing N.
4. Discussion
4.1. Decomposition of expanded austenite
The lattice parameters obtained with Rietveld reﬁnement
for the (expanded) austenite phases in all samples as a func-
tion of temperature are presented in Fig. 5. The lattice of the
reference sample expands monotonically in the entire
temperature range investigated. For expanded austenite, the
lattice parameters start to decrease above a certain tempera-
ture. The relatively low temperature where this is observed in
the high-nitrogen sample is ascribed to N2 formation. The
release of nitrogen from expanded austenite as N2 has been
demonstrated before (Christiansen & Somers, 2006b) and is
an immediate consequence of thermodynamically stable N2
compared with N in solid solution (Grabke, 1968). For a high
nitrogen content, the driving force for N2 release is higher
than for a low nitrogen content. For the low-nitrogen sample,
the decreasing lattice parameter is caused only by CrN
formation. The ﬁnal mass fraction of CrN accounts for a total
nitrogen content of 3.5 mass%, which is the amount that was
retained after denitriding. Note that the observed stability
range up to about 800 K for the low-nitrogen sample is only
valid for the thermal history of the sample, i.e. approximately
eight minutes in between measurements, and does not repre-
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Figure 4
Phase transformation map for (a) the high-nitrogen sample and (b) the
low-nitrogen sample. Estimated standard deviations from reﬁnements are
1.8 mass%.
sent completed transformation at the various temperatures.
For prolonged (isothermal) annealing, decomposition of
nitrogen-expanded austenite has been reported for tempera-
tures as low as 600 K (Li et al., 1999; O¨ztu¨rk & Williamson,
2002; Garcı´a Molleja et al., 2013).
The observation of a transitional f.c.c. phase with a value of
a ’ 3.8 A˚ in the range 770–860 K has not been reported
before on the basis of X-ray diffraction. The lattice parameter
value coincides with that of the ordered iron-based nitride  0-
Fe4N with stoichiometric composition (Somers, Van Der Pers
et al., 1989), which matches the dependence of the lattice
parameter of expanded austenite on nitrogen content
(Christiansen & Somers, 2006a). The presence of a  0-Fe4N
type structure has been reported on the basis of transmission
electron microscopy observations of superlattice reﬂections,
but with a reported lattice parameter larger than that of  0-
Fe4N (Stro´z & Psoda, 2010; Xiaolei et al., 2005; Xu et al., 2000).
The present result suggests that the composition M4N with
yN = 0.25 can indeed occur and may be thermodynamically
favoured over expanded austenite with short-range order of
the nitrogen atoms.
Initially, expanded austenite in the high-nitrogen sample
has a signiﬁcantly larger lattice parameter than that of the low-
nitrogen sample. For both samples the lattice parameter of the
developed  phase approaches that of the reference sample
after decomposition, implying that the austenite present in the
samples at 900 K is essentially free of nitrogen in solid solu-
tion. Slightly lower lattice parameter values were obtained for
the low-nitrogen sample as compared to the high-nitrogen
sample. A slight reduction in lattice parameter is expected
because of chromium depletion of the austenitic matrix (Babu
et al., 2005) due to formation of CrN. It is noted that the
transition from expanded austenite to nitrogen-free austenite
is not associated with a gradual continuous decrease of the
lattice parameter (or nitrogen content), but that a temperature
range exists where both high- and low-nitrogen-containing
austenite are present in the same sample. This observation can
be related to the mechanism of the transformation, which is
consistent with discontinuous precipitation, as previously
demonstrated (Christiansen & Somers, 2006b). For the low-
nitrogen-containing sample, the decomposition at a lower
temperature showed the development of ferrite (presumably)
during a eutectoid transformation. Ferrite formation is
observed before CrN can be detected, which may be explained
by coherent diffraction of small CrN particles with ferrite.
Nitrogen-lean austenite developed at a higher temperature.
Apparently, at temperatures well below the stabilization
temperature for austenite, ferrite can develop, most likely
promoted by a favourable Baker–Nutting orientation rela-
tionship between CrN and ferrite (Somers et al., 1989).
Evidently, at higher temperatures, a favourable interfacial
energy at the interface between CrN and the matrix is insuf-
ﬁcient to promote ferrite formation and austenite develops
instead. It is hypothesized that the transformation of "-
M2N1z to ferrite is, in principle, also possible. At high pres-
sures, b.c.c. iron transforms into h.c.p. "-Fe (Bundy, 1965). The
presence of a high amount of nitrogen in the metallic lattice
and the formation of "-M2N1z could be conceived as conse-
quence of a ‘high internal pressure’ associated with nitrogen
dissolution. The removal of interstitial nitrogen (‘internal
pressure’) from "-M2N1z might induce the formation of
ferrite.
4.2. Coefficient of thermal expansion
The coefﬁcient of volumetric thermal expansion, exp, was
determined in the form tabulated by Fei (1995) from ﬁtting the
following expression to the obtained data:
VðTÞ ¼ VTr exp
RT
Tr
expðTÞ dT
" #
; ð1Þ
where V is the volume of the unit cell, VTr is the volume at a
chosen reference temperature (Tr) and the thermal expansion
coefﬁcient is expressed in a polynomial form: exp(T) = a0 +
a1T + a2T
2. The number of data points did, however, only
allow statistically reliable ﬁts of a single parameter, a0. The
coefﬁcients obtained are thus independent of temperature. In
addition, the commonly used mean thermal expansion coef-
ﬁcient, avg, was ﬁtted to the expression
VðTÞ ¼ VTr½1þ avgðT  TrÞ; ð2Þ
which yielded similar values, implying that equation (1) can be
truncated after the ﬁrst term of the series expansion. The
linear coefﬁcient of thermal expansion was found by replacing
the volume with the lattice parameter in the above expres-
sions. The resulting ﬁts of equation (1) are shown in Fig. 5 and
all values obtained are presented in Table 2. The sample with
low nitrogen content exhibits more thermal expansion than
the untreated reference material, while the sample with the
high nitrogen content has an expansion coefﬁcient signiﬁ-
cantly lower than that of the other samples. This is explained
by the underlying cause of the expansion, i.e. thermal vibra-
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Figure 5
Lattice parameters for (expanded) austenite phases in all samples.
Estimated standard deviations are 103 A˚. The symbols in the legend
are grouped by sample designation. Lines correspond to ﬁtted
expressions for thermal expansion. The start of N2 formation is marked
by an arrow.
tions of composing atoms. The additional vibrations of the
interstitial nitrogen atoms cause an added separation of the
metal atoms with increasing thermal energy. The additional
nitrogen vibrations are less signiﬁcant for higher interstitial
content where the average distance between the metal atoms
is larger. In fact, the high-nitrogen sample exhibits the lowest
thermal expansion owing to the large intermetallic distances,
but the value is still almost twice that reported for  0-Fe4N
(Somers, Van Der Pers et al., 1989). No expansion coefﬁcient
could be determined for theM4N phase that develops beyond
770 K. For reference, the linear expansion coefﬁcient obtained
for the ferrite phase, avg, is 1.131 (5)  105 K1.
It is noted that the observation of a dependence of the
thermal expansion coefﬁcient on the nitrogen content has
implications for the development of residual stress in
expanded austenite zones developing on stainless steel.
Residual stresses in expanded austenite are highly compres-
sive and generally largely composition induced (Christiansen
& Somers, 2009). A variation in thermal expansion coefﬁcient
over the thickness of the N zone implies that during cooling
an additional thermally induced stress proﬁle develops, such
that thermal stress is largest for the highest nitrogen content.
The presently established difference in thermal expansion
coefﬁcient for high- and low-nitrogen-containing expanded
austenite corresponds to an additional compressive stress of
500 MPa in high-nitrogen expanded austenite.
4.3. Stacking fault probability
Warren’s model for describing the effect of stacking faults
on X-ray diffraction results can readily be implemented in the
Rietveld reﬁnements in order to describe the systematic
deviations in the positions of diffraction peaks for expanded
austenite (Fig. 2b). The inadequacies of the model should not
be ignored but even a rigorous treatment of the effects of
stacking faults is insufﬁcient to completely describe the
structure, e.g. the different metallic environments observed
with EXAFS (Oddershede et al., 2008a, 2010).
The stacking fault probability obtained with Rietveld
reﬁnement of each of the X-ray diffractograms for the high-
nitrogen sample is shown in Fig. 6 and remains approximately
unaltered for temperatures up to 680 K. The presently
obtained values for the stacking fault probability (sf ’ 0.03)
are in accordance with those previously obtained for homo-
geneous expanded austenite samples (Christiansen & Somers,
2004).
A sudden decline of the stacking fault probability was
observed above 680 K, resulting in no observable induced
peak shift above 750 K, where CrN development was ﬁrst
noticeable. Several hypotheses can be put forward to explain
the observed decrease of the stacking fault probability. Firstly,
a decrease of the nitrogen content in solid solution by N2
formation could induce a reduction of the stacking fault
density. Secondly, the segregation of N atoms (or CrN devel-
opment) onto stacking faults, leading to clusters, causes the
stacking faults to lose their identity. In any case it is clear that
the stacking fault probability is related to the nitrogen content
in solid solution, since it decreases with decreasing interstitial
content for the high-nitrogen sample. The nitrogen content in
the low-nitrogen sample is substantially lower, and no
stacking-fault-induced peak shifts were observed in diffrac-
tograms for the low-nitrogen sample. The stacking fault
probability is thus negligible for very low nitrogen contents.
5. Conclusions
Nitrogen-expanded austenite was produced from 5 mm AISI
316 powder. An in situ synchrotron X-ray diffraction investi-
gation of the decomposition of expanded austenite with high
(yN = 0.56) and low nitrogen (yN = 0.14) content shows that the
development of CrN is promoted by a high nitrogen content.
For a high nitrogen content, the formation of CrN is accom-
panied by the development of expanded austenite with a
nitrogen content corresponding toM4N (yN = 0.25), consistent
with (discontinuous) precipitation. For a low nitrogen content
CrN forms along with ferrite, indicating a eutectoid transfor-
mation.
An interpretation of diffractograms of the high-nitrogen
sample with Rietveld reﬁnement necessitated the imple-
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Table 2
Fitted coefﬁcients of volumetric (V) and linear (a) thermal expansion for
(expanded) austenite phases; exp and avg are deﬁned by equations (1)
and (2), respectively.
The value for  0-Fe4N (Somers, Van Der Pers et al., 1989) is included for
comparison.
Phase T range (K) avg (105 K1) exp (105 K1)
N (HighN) 385–657 V 4.32 (5) 4.30 (5)
a 1.43 (2) 1.43 (2)
N (LowN) 385–787 V 5.71 (2) 5.66 (2)
a 1.891 (8) 1.886 (8)
 (Reference) 385–920 V 5.60 (2) 5.53 (2)
a 1.851 (7) 1.844 (7)
 0-Fe4N 293–773 – – –
a 0.76 (8) –
Figure 6
Reﬁned stacking fault probability for expanded austenite versus
temperature for the high-nitrogen sample. For the low-nitrogen sample
the stacking fault probability is zero.
mentation of Warren’s approximation for the effect of
stacking faults on hkl-dependent shifts of Bragg reﬂections.
The stacking fault density obtained through Rietveld reﬁne-
ment is constant up to 680 K; thereafter it reduces to nil,
suggesting the effective disappearance of stacking faults.
Although the contributions to peak broadening were not
speciﬁcally taken into account, this simpliﬁed model allows for
a consistent interpretation of diffraction data.
Linear thermal expansion coefﬁcients for expanded auste-
nite were obtained for the temperature range where expanded
austenite is stable:
yN = 0.56: exp = 14.3 (2)  106 K1, 385 < T < 657 K,
yN = 0.14: exp = 18.91 (8)  106 K1, 385 < T < 787 K.
A decrease in thermal expansion coefﬁcient with increasing
nitrogen content is attributed to the additional expansion of
the lattice as a consequence of the higher nitrogen content.
Accordingly, the contribution of thermal vibrations to the
expansion of the metal host lattice becomes less pronounced.
The authors are grateful to Danscatt for ﬁnancing the
measurement time at MAX-lab. The Danish Council for
Independent Research (DFF) is gratefully acknowledged for
ﬁnancial support under grant No. 11-106293.
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AppendixȱB ȱ
Additionalȱexperimentalȱdetailsȱ
ȱ
ȱ
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BȬ3ȱ
ȱ
B.1ȱSynthesisȱofȱexpandedȱaustenite:ȱAnnealingȱandȱactivationȱ
Inȱorderȱ toȱavoidȱ formationȱofȱchromiumȱnitridesȱandȱcarbides,ȱwhichȱareȱdetrimentalȱ toȱ
theȱ corrosionȱ resistanceȱ andȱ mayȱ promoteȱ decompositionȱ ofȱ expandedȱ austenite,ȱ longȱ
processingȱ timesȱ shouldȱbeȱavoided.ȱFigureȱB.1ȱ showsȱ theȱdiffractogramȱofȱanȱexpandedȱ
austeniteȱsampleȱsynthesizedȱfromȱ12.5ȱΐmȱAISIȱ316ȱfoil.ȱAllȱdiffractionȱdataȱshownȱinȱthisȱ
sectionȱwasȱ obtainedȱwithȱ anȱAgilentȱ SuperNovaȱ diffractometerȱwithȱ anȱAtlasȱ S2ȱCCDȱ
detectorȱusingȱMoȱK΅ȱ radiationȱandȱ calibratedȱwithȱaȱLaB6ȱ standard.ȱNoteȱ that,ȱalthoughȱ
diffractogramsȱcontainȱbothȱK΅1ȱandȱK΅2ȱcomponents,ȱtheȱconversionȱtoȱqȬspaceȱisȱdoneȱwithȱ
aȱsingleȱintensityȬaveragedȱwavelength,ȱΏȱ=ȱ0.7107ȱÅ.ȱ
ȱ
FigureȱB.1:ȱDiffractogramȱofȱ 12.5ȱ ΐmȱAISIȱ 316ȱ foilȱnitridedȱ atȱ 693ȱKȱ inȱNH3ȱ forȱ 38ȱhoursȱ andȱ
denitridedȱinȱH2ȱforȱ8ȱhours.ȱPhaseȱidentifiersȱareȱincludedȱforȱtheȱmainȱpeaks;ȱnitrogenȱexpandedȱ
austeniteȱ(·N),ȱferriteȱ(΅)ȱandȱchromiumȱnitrideȱ(CrN).ȱ
Duringȱgaseousȱnitridingȱ inȱNH3ȱatȱ693ȱK,ȱaȱprocessingȱ timeȱofȱ38ȱhoursȱwasȱneededȱ inȱ
orderȱtoȱsaturateȱtheȱsampleȱandȱsubsequentlyȱ8ȱ·NȱhoursȱinȱH2ȱtoȱretractȱallȱlooselyȱboundȱ
nitrogen.ȱ Itȱ isȱclearlyȱseenȱ fromȱFigureȱB.1ȱ that,ȱ inȱadditionȱ toȱexpandedȱaustenite,ȱ ferriteȱ
andȱchromiumȱnitrideȱhaveȱdeveloped,ȱwhichȱisȱundesirable.ȱPriorȱtoȱnitriding,ȱtheȱfoilȱwasȱ
brieflyȱ annealedȱ atȱ 1323ȱ Kȱ inȱ flowingȱ H2ȱ forȱ recrystallizationȱ andȱ transformationȱ ofȱ
deformationȬinducedȱmartensiteȱ inȱ orderȱ toȱ obtainȱ aȱ completelyȱ austeniticȱmaterial.ȱ Theȱ
presenceȱofȱdeformationȬinducedȱmartensiteȱ inȱ theȱasȬreceivedȱcoldȬrolledȱ foilȱcanȱclearlyȱ
beȱ seenȱ fromȱ theȱ diffractionȱ patternȱ inȱ Figureȱ B.2(a)ȱ (faintȱ thirdȱ andȱ fifthȱ ringȱ fromȱ theȱ
center).ȱInȱaddition,ȱtextureȱisȱnoticedȱfromȱtheȱnonȬuniformȱdistributionȱofȱintensity.ȱ
ȱȱ
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Afterȱ annealingȱ (FigureȱB.2b)ȱ thereȱ isȱ noȱmartensiteȱ andȱ individualȱdiffractionȱ spotsȱ areȱ
seenȱ forȱ austenite,ȱ signifyingȱ recrystallizationȱ andȱ grainȱ growth.ȱ Duringȱ nitridingȱ theȱ
averageȱsizeȱofȱtheȱcoherentlyȱdiffractingȱdomainsȱisȱapparentlyȱdecreased,ȱasȱassessedȱfromȱ
theȱirregularityȱofȱdiffractionȱringsȱinȱFigureȱB.2(c),ȱwhichȱseemȱtoȱbeȱsomewhereȱbetweenȱ
perfectȱpowderȱringsȱandȱindividualȱspots.ȱ
ȱ
ȱ
ȱ
Figureȱ B.2:ȱ Diffractionȱ patternsȱ forȱ 12.5ȱ ΐmȱ AISIȱ 316ȱ foilȱ a)ȱ asȱ receivedȱ showingȱ texturedȱ
diffractionȱ ringsȱ ofȱ austeniteȱ andȱmartensite,ȱ b)ȱ annealedȱ inȱH2ȱ atȱ 1323ȱKȱ showingȱ individualȱ
diffractionȱ spotsȱ forȱausteniteȱandȱ c)ȱnitridingȱatȱ693ȱKȱ inȱNH3ȱ forȱ 49ȱhoursȱ showingȱ irregularȱ
diffractionȱrings.ȱ
Saturatedȱ thinȱ foilsȱofȱexpandedȱausteniteȱdoȱ tendȱ toȱbecomeȱbrittleȱandȱ fallȱapart,ȱeasilyȱ
beingȱreducedȱtoȱpowder.ȱTheȱapparentȱdecreaseȱinȱsizeȱofȱcoherentlyȱdiffractingȱdomainsȱ
is,ȱhowever,ȱevidentȱevenȱwhenȱitȱisȱpresentȱasȱaȱcoherentȱfoilȱlikeȱtheȱoneȱshownȱinȱFigureȱ
B.3.ȱ
ȱ
ȱ
ȱ
FigureȱB.3:ȱSEMȱmicrographȱofȱnitridedȱ12.5ȱΐmȱAISIȱ316ȱfoilȱfractureȱsurface.ȱTheȱbrittleȱnatureȱ
ofȱtheȱmaterialȱisȱclearlyȱseenȱfromȱtheȱcracksȱformedȱthroughoutȱtheȱfoil.ȱ
ȱ
ȱ
ȱ
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B.1.1ȱAnnealingȱ
Sinceȱ thereȱ isȱaȱ clearȱ changeȱ inȱmicrostructureȱbetweenȱannealedȱandȱnitridedȱ states,ȱ theȱ
effectsȱofȱloweredȱannealingȱtemperatureȱwasȱinvestigatedȱinȱorderȱtoȱrepressȱgrainȱgrowthȱ
whileȱstillȱobtainingȱfullȱtransformationȱofȱmartensiteȱtoȱaustenite.ȱSamplesȱwereȱannealedȱ
usingȱaȱNetzschȱSTAȱ449ȱF3ȱJupiterȱthermalȱanalyzerȱwithȱaȱH2ȱflowȱrateȱofȱ250ȱmL/minȱandȱ
aȱN2ȱflowȱofȱ5ȱmL/minȱforȱprotectionȱofȱelectronicsȱinȱtheȱmeasurementȱcompartment.ȱTheȱ
heatingȱrateȱwasȱ30ȱK/minȱuntilȱreachingȱtheȱdesiredȱtemperature,ȱimmediatelyȱfollowedȱbyȱ
coolingȱtoȱroomȱtemperatureȱatȱaȱrateȱofȱ50ȱK/min.ȱȱ
ȱ
ȱ
ȱ
FigureȱB.4:ȱDiffractionȱpatternsȱforȱ12.5ȱΐmȱAISIȱ316ȱfoilȱannealedȱinȱH2ȱatȱa)ȱ973ȱK,ȱb)ȱ1073ȱKȱandȱ
c)ȱatȱ1173ȱKȱshowingȱincreasedȱrecrystallizationȱandȱgrainȱgrowthȱwithȱincreasingȱtemperature.ȱ
Theȱ changeȱ inȱ textureȱ asȱ wellȱ asȱ grainȱ growthȱ asȱ individualȱ diffractionȱ spotsȱ becomeȱ
noticeableȱ isȱ evidentȱ fromȱ FigureȱB.4.ȱNoteȱ thatȱ theȱdifferencesȱ inȱdirectionȱ ofȱ increasedȱ
(200)ȱintensityȱbetweenȱ973ȱKȱandȱ1073ȱKȱisȱcausedȱsimplyȱfromȱorientationȱofȱtheȱfoilȱwhenȱ
recordingȱ theȱ diffractionȱ pattern.ȱ Theȱ integratedȱ diffractogramsȱ inȱ Figureȱ B.5(a)ȱ andȱ (b)ȱ
showȱ theȱ changeȱ inȱ texture.ȱRelativeȱ intensitiesȱapproachȱ thatȱofȱanȱ idealȱpowderȱ forȱanȱ
annealingȱtemperatureȱofȱ1173ȱK.ȱInȱaddition,ȱtheȱwidthsȱofȱdiffractionȱpeaksȱdecreaseȱdueȱ
toȱgrainȱgrowthȱandȱtheȱindividualȱK΅1ȱandȱK΅2ȱcomponentsȱcanȱbeȱdistinguished.ȱ
TracesȱofȱtheȱdeformationȬinducedȱmartensiteȱinȱtheȱcoldȱrolledȱfoilȱisȱstillȱpresentȱafterȱ
annealingȱatȱ973ȱKȱbutȱisȱeffectivelyȱtransformedȱtoȱausteniteȱatȱtemperaturesȱaboveȱ1073ȱKȱ
(Figureȱ B.5cȬe).ȱ Consequently,ȱ theȱ nitridingȱ behaviorȱ ofȱ aȱ foilȱ annealedȱ atȱ 1073ȱ Kȱ wasȱ
comparedȱ toȱ conventionalȱ annealingȱ atȱ 1323ȱ K.ȱ Followingȱ activation,ȱ bothȱ foilsȱ wereȱ
nitridedȱinȱNH3ȱatȱ693ȱKȱandȱtheȱannealingȱtemperatureȱdoesȱinȱfactȱaffectȱtheȱnitridingȱrateȱ
(FigureȱB.6a).ȱTheȱdiffusionȱrateȱofȱnitrogenȱintoȱtheȱmaterialȱisȱhighestȱforȱtheȱlargeȱgrainsȱ
obtainedȱforȱannealingȱatȱ1323ȱK.ȱInȱadditionȱtoȱtheȱlowerȱreactionȱrateȱcausedȱbyȱannealingȱ
atȱ1073ȱKȱalsoȱtheȱapparentȱsaturationȱlevelȱisȱlower;ȱ~12ȱmass%ȱasȱcomparedȱtoȱ~13ȱmass%ȱ
forȱtheȱsampleȱannealedȱatȱhigherȱtemperature.ȱ
ȱȱ
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ȱ
ȱ
FigureȱB.5:ȱDiffractogramsȱofȱ12.5ȱΐmȱAISIȱ316ȱfoilȱannealedȱatȱa)ȱ973ȱKȱandȱb)ȱ1173ȱK;ȱinsetsȱshowȱ
theȱhighȱqȱrangeȱandȱtheȱpositionȱofȱtheȱ(200)ȱmartensiteȱpeakȱisȱshownȱforȱc)ȱasȱreceivedȱsampleȱ
d)ȱannealedȱatȱ973ȱK,ȱe)ȱ1073ȱK,ȱf)ȱ1173ȱKȱandȱg)ȱ1323ȱK.ȱ
ȱ
ȱ
ȱ
ȱ
ȱ
FigureȱB.6:ȱȱa)ȱComparisonȱofȱthermogravimetricȱcurvesȱforȱnitridingȱatȱ693ȱKȱofȱ12.5ȱΐmȱAISIȱ316ȱ
foilȱ annealedȱ 1073ȱ andȱ 1323ȱKȱ andȱ b)ȱ diffractionȱ patternȱ forȱ sampleȱ annealedȱ atȱ 1073ȱK,ȱ thenȱ
nitridedȱinȱNH3.ȱ
ȱ
ȱ
ȱ
ȱ
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Annealingȱatȱ1073ȱK,ȱfollowedȱbyȱnitriding,ȱproducesȱaȱmicrostructureȱquiteȱsimilarȱtoȱthatȱ
ofȱ theȱ annealedȱ foilȱ (Figureȱ B.6b).ȱ Thisȱmay,ȱ however,ȱ beȱ causedȱ byȱ theȱ lowerȱ nitrogenȱ
content,ȱwhichȱmakesȱtheȱmaterialȱlessȱbrittleȱandȱthusȱlessȱlikelyȱtoȱfragmentȱintoȱsmallerȱ
crystallites.ȱTheȱmicrostructureȱofȱtheȱsteelȱsurfaceȱclearlyȱaffectsȱtheȱnitridingȱbehavior,ȱbutȱ
theȱ longȱprocessingȱ timeȱ toȱ reachȱ saturationȱ causesȱ formationȱ ofȱ chromiumȱnitridesȱ andȱ
ferriteȱuponȱ subsequentȱdenitridingȱ toȱ reachȱ theȱdesiredȱ composition.ȱSinceȱ loweringȱ theȱ
annealingȱ temperatureȱ actuallyȱ increasesȱ theȱ requiredȱ nitridingȱ timeȱ andȱ lowersȱ theȱ
maximumȱobtainedȱnitrogenȱcontent,ȱtheȱeffectȱofȱchangingȱtheȱappliedȱactivationȱprocessȱ
wasȱinvestigated.ȱ
ȱ
B.1.2ȱActivationȱ
Theȱ successȱ inȱ nitridingȱ theȱ 5ȱ ȝm powderȱ samplesȱ describedȱ inȱ Chapterȱ 6ȱ impliesȱ thatȱ
diffusionȱdistancesȱinȱ12.5ȱΐmȱAISIȱ316ȱfoilsȱareȱtooȱlongȱtoȱobtainȱhomogeneousȱsaturatedȱ
samplesȱwithȱ thisȱ appliedȱnitridingȱprocedure.ȱToȱverifyȱ this,ȱ 30ȱ ΐmȱAISIȱ 316ȱ foilsȱwereȱ
chemicallyȱthinnedȱinȱaȱsolutionȱofȱethanolȱandȱconcentratedȱnitricȱandȱhydrochloricȱacidȱtoȱ
anȱaverageȱthicknessȱ<ȱ10ȱΐmȱassessedȱfromȱmassȱloss.ȱFromȱvisualȱinspectionȱtheȱthinnestȱ
partsȱwereȱselected,ȱannealedȱinȱH2ȱatȱ1273ȱKȱandȱnitridedȱinȱNH3ȱforȱ15ȱhoursȱatȱ693ȱK.ȱ
ȱ
Figureȱ B.7:ȱDiffractogramȱ ofȱAISIȱ 316ȱ foilȱ chemicallyȱ thinnedȱ inȱHNO3/HCl/C2H5OHȱ solution,ȱ
annealedȱatȱ1273ȱKȱandȱnitridedȱinȱNH3ȱforȱ15ȱhoursȱatȱ693ȱK.ȱPhaseȱidentifiersȱareȱincludedȱforȱ
theȱmainȱpeaks;ȱnitrogenȱexpandedȱausteniteȱ(·N),ȱΉȬnitrideȱandȱchromiumȱnitrideȱ(CrN).ȱ
Theȱrequiredȱprocessingȱtimeȱisȱgreatlyȱreduced,ȱbutȱΉȬnitrideȱandȱCrNȱareȱformedȱ(Figureȱ
B.7),ȱ probablyȱ causedȱ byȱ theȱ unevenȱ thicknessȱ distributionȱ producedȱ byȱ theȱ chemicalȱ
thinningȱofȱthisȱtrialȱexperiment.ȱConsequently,ȱsomeȱpartsȱwillȱbeȱsaturatedȱfasterȱfollowedȱ
byȱ formationȱ ofȱ nitrides,ȱwhileȱ theȱ nitrogenȱ contentȱ inȱ thickerȱ partsȱ isȱ stillȱ increasing.ȱ
Homogeneousȱfoilsȱwereȱthereforeȱsynthesizedȱbyȱchangingȱtheȱactivationȱprocedureȱtoȱthatȱ
ȱȱ
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describedȱinȱSectionȱ6.4,ȱwhichȱinvolvesȱchemicalȱstrippingȱofȱtheȱpassiveȱfilm,ȱfollowedȱbyȱ
electrochemicalȱdepositionȱofȱNiȱinȱaȱWood’sȱnickelȱbathȱ(NiCl2ȱ+ȱNiSO4ȱ+ȱH2SO4).ȱPriorȱtoȱ
activation,ȱfoilsȱwereȱannealedȱatȱ1323ȱKȱinȱH2.ȱ
ȱ
FigureȱB.8:ȱComparisonȱofȱinitialȱpartȱofȱthermogravimetricȱcurvesȱforȱnitridingȱofȱAISIȱ316ȱfoilȱatȱ
693ȱK:ȱ12.5ȱΐm,ȱchemicallyȱthinnedȱandȱnickelȱpretreatedȱfoil.ȱ
Theȱ nitridingȱ rateȱ ofȱ theȱ NiȬactivatedȱ sampleȱ isȱ betweenȱ thatȱ ofȱ theȱ 12.5ȱ ΐmȱ andȱ theȱ
chemicallyȱthinnedȱfoilȱ(FigureȱB.8).ȱNoȱtraceȱofȱnitrideȱformationȱwasȱobserved.ȱInȱadditionȱ
toȱtheȱfullyȱsaturatedȱsample,ȱthreeȱsamplesȱwereȱsynthesizedȱinȱNH3/H2ȱgasȱmixturesȱwithȱ
nitridingȱ potentials,ȱ KN,ȱ adjustedȱ toȱ 2.40,ȱ 0.07ȱ andȱ 0ȱ (atmȬ1/2)ȱ afterȱ fullȱ saturationȱ wasȱ
achieved,ȱ analogousȱ toȱ theȱ lowȱ nitrogenȱ sampleȱ inȱ Chapterȱ 6.ȱ Theȱ denitridedȱ samplesȱ
containȱnitrogenȱexpandedȱausteniteȱofȱcompositionȱcorrespondingȱtoȱtheȱchosenȱnitridingȱ
potentials.ȱTraceȱamountsȱofȱferriteȱwasȱindicatedȱbyȱXȬrayȱdiffractionȱforȱtheȱsampleȱwithȱ
zeroȱ nitridingȱ potentialȱ butȱ wasȱ notȱ evidentȱ inȱ Mössbauerȱ spectraȱ (seeȱ Sectionȱ 6.4).ȱ
DiffractogramsȱareȱshownȱinȱFigureȱB.9.ȱ
Theȱ requiredȱnitridingȱ timeȱ isȱ thusȱsufficientlyȱ reducedȱbyȱ theȱnickelȱpretreatmentȱ toȱ
obtainȱ saturatedȱ nitrogenȱ expandedȱ austeniteȱwhileȱ nitrideȱ formationȱ isȱ avoided.ȱ Theseȱ
samplesȱ thereforeȱ formedȱ theȱ basisȱ forȱ characterizationȱ ofȱ structuralȱ andȱ magneticȱ
propertiesȱofȱnitrogenȱexpandedȱausteniteȱinȱSectionȱ6.4.ȱTheȱdepositedȱnickelȱconstitutesȱaȱ
negligibleȱfractionȱofȱtheȱfoilsȱandȱshouldȱthusȱnotȱinfluenceȱtheȱcharacterization.ȱ
Noteȱthatȱanȱincreasedȱtreatmentȱtemperatureȱwouldȱalsoȱreduceȱtheȱrequiredȱnitridingȱ
timeȱbutȱcouldȱalsoȱpromoteȱnitrideȱformation.ȱTheȱtemperatureȱofȱ693ȱKȱwasȱkeptȱdueȱtoȱ
thisȱbeingȱusedȱforȱtheȱpowderȱsamplesȱdescribedȱinȱSectionȱ6.1.ȱFinally,ȱitȱshouldȱbeȱnotedȱ
thatȱ forȱ similarȱ experimentsȱ performedȱ atȱ 718ȱ Kȱ withȱ lowerȱ amountsȱ ofȱ sample,ȱ theȱ
ȱ
ȱ
ȱ
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otherwiseȱusedȱproprietaryȱprocessȱ forȱ surfaceȱ activationȱ hasȱ beenȱ sufficientȱ inȱ orderȱ toȱ
obtainȱaȱsatisfactoryȱtreatmentȱtime.ȱȱ
ȱ
FigureȱB.9:ȱDiffractogramsȱofȱ12.5ȱΐmȱAISIȱ316ȱfoilsȱannealedȱatȱ1323ȱKȱandȱnitridedȱinȱNH3ȱatȱ693ȱ
K.ȱNitridingȱpotentialsȱlessȱthanȱinfinityȱwereȱappliedȱafterȱfullȱsaturationȱwasȱachieved.ȱAȱhigherȱ
nitridingȱpotentialȱcorrespondsȱtoȱhigherȱnitrogenȱcontentȱandȱthusȱlargerȱshiftsȱtowardsȱlowerȱq.ȱ
NitridingȱpotentialsȱareȱgivenȱinȱatmȬ1/2.ȱ
Forȱ higherȱ sampleȱ amounts,ȱ cruciblesȱ areȱmoreȱdenselyȱ packedȱwithȱ steelȱ foilsȱ andȱ thisȱ
apparentlyȱ affectsȱ theȱ abilityȱ ofȱ nitrogenȱ toȱ enterȱ theȱ steelȱ fromȱ theȱ gasȱ phase.ȱ Thisȱ isȱ
presumablyȱcausedȱbyȱreducedȱlocalȱflowȱofȱammoniaȱaroundȱtheȱavailableȱsurface.ȱNickelȱ
activationȱ hasȱ thusȱ onlyȱ beenȱ necessaryȱ forȱ theseȱ experimentsȱwereȱ aȱmaximumȱ sampleȱ
yieldȱ wasȱ requiredȱ inȱ orderȱ toȱ obtainȱ sufficientȱ materialȱ forȱ allȱ analysesȱ ofȱ theȱ sameȱ
homogeneousȱsample.ȱ
ȱ
ȱ
ȱ ȱ
ȱȱ
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B.2ȱXȬrayȱRamanȱSpectroscopyȱ
Characterizationȱ ofȱ interstitialȱ solidȱ solutionsȱ ofȱ nitrogenȱ and/orȱ carbonȱ inȱ ironȬbasedȱ
latticesȱ basedȱ onȱXȬrayȱmethods,ȱ likeȱ diffractionȱ andȱ absorptionȱ spectroscopy,ȱ primarilyȱ
yieldsȱinformationȱonȱtheȱmetallicȱstructure.ȱThisȱisȱdueȱtoȱtheȱlowȱenergyȱabsorptionȱedgesȱ
andȱ lowȱ scatteringȱ factorsȱ forȱ atomsȱwithȱ lowȱ atomicȱ numberȱ comparedȱ toȱ theȱmetallicȱ
elements.ȱOnlyȱ aȱ fewȱ experimentalȱmethodsȱ canȱ potentiallyȱdirectlyȱ probeȱ nitrogenȱ andȱ
carbonȱinȱironȬbasedȱmetallicȱmatrices,ȱoneȱofȱwhichȱisȱXȬrayȱRamanȱSpectroscopyȱ(XRS).ȱ
Asȱ theȱ nameȱ suggests,ȱ XRSȱ isȱ comparableȱ toȱ Ramanȱ scatteringȱ whereȱ inelasticȱ
scatteringȱofȱphotonsȱ inȱtheȱnearȱ infraredȱ toȱultravioletȱrangeȱ isȱusedȱtoȱstudyȱvibrational,ȱ
rotationalȱ andȱ otherȱ lowȬfrequencyȱ modes.ȱ XRSȱ isȱ basedȱ onȱ nonȬresonantȱ inelasticȱ
scatteringȱofȱXȬraysȱfromȱcoreȱelectrons.ȱTheȱexcitationȱofȱcoreȱelectronsȱisȱanalogousȱtoȱXȬ
rayȱabsorptionȱspectroscopyȱbutȱ insteadȱofȱabsorption,ȱenergyȱ transferȱ isȱmeasuredȱusingȱ
hardȱ(highȱenergy)ȱXȬrays.ȱSoftȱXȬrayȱspectraȱcontainȱelementȬspecificȱ informationȱofȱ localȱ
structureȱ andȱ chemistryȱ ofȱ lightȱ elements,ȱ butȱ studiesȱ areȱ constrainedȱ byȱ theȱ lowȱ probeȱ
depthȱofȱtheȱlowȱenergyȱradiation.ȱTheȱsurfaceȱsensitivityȱisȱovercomeȱbyȱusingȱhardȱXȬraysȱ
toȱobtainȱbulkȱstructuralȱinformation.ȱTheȱenergyȱtransfer,ȱǻE,ȱofȱanȱ inelasticallyȱscatteredȱ
photonȱwithȱinitialȱenergyȱE0ȱresultsȱinȱaȱphotonȱwithȱfinalȱenergyȱEf.ȱAȱspectrumȱofȱǻEȱ=ȱE0ȱ
ȬȱEfȱ isȱobtainedȱbyȱchangingȱ theȱ incidentȱenergyȱwhileȱ theȱ finalȱenergyȱ isȱ fixedȱ toȱEfȱwithȱ
analyzerȱcrystals.ȱ
ȱ
FigureȱB.10:ȱFullȱXRSȱspectrumȱ(lowȬq)ȱofȱBNȱsampleȱshowingȱRayleighȱandȱComptonȱscatteringȱ
andȱKȬedgesȱofȱnitrogenȱandȱboronȱ (logarithmicȱscale).ȱ Insetȱshowsȱnormalizedȱspectrumȱofȱ theȱ
nitrogenȱKȬedgeȱ(linearȱscale).ȱ
ȱ
ȱ
ȱ
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ȱ
FigureȱB.10ȱshowsȱaȱfullȱXRSȱspectrumȱfromȱforwardȱscatteringȱanglesȱ(lowȬq)ȱobtainedȱforȱ
boronȱ nitride,ȱBN,ȱwhereȱRayleighȱ andȱComptonȱ scattering,ȱ asȱwellȱ asȱKȬedges,ȱ ofȱ bothȱ
nitrogenȱandȱboronȱcanȱbeȱseen.ȱSimilarȱedgesȱwereȱobservedȱ forȱanalyzersȱpositionedȱatȱ
backscatteringȱ anglesȱ (highȬq).ȱMeasurementsȱwereȱperformedȱ atȱ beamlineȱ ID20ȱ atȱESRFȱ
usingȱ72ȱSi(660)ȱanalyzerȱcrystalsȱ(3ȱhorizontalȱandȱ3ȱverticalȱmodulesȱofȱ12ȱanalyzersȱeach)ȱ
withȱanȱincidentȱphotonȱenergyȱofȱapproximatelyȱ10ȱkeV.ȱ
ȱ
FigureȱB.11:ȱFullȱXRSȱspectrumȱ(lowȬq)ȱofȱnitrogenȱexpandedȱausteniteȱsampleȱ(logarithmicȱscale).ȱ
InsetȱshowsȱtheȱbarelyȱdiscernableȱnitrogenȱKȬedgeȱ(linearȱscale);ȱcompareȱtoȱFigureȱB.10.ȱ
Theȱ nitrogenȱKȬedgeȱ isȱ barelyȱdiscernableȱ inȱ theȱ lowȬqȱ spectrumȱ obtainedȱ forȱ expandedȱ
austenite,ȱevenȱwithȱmeasurementȱtimesȱupȱtoȱ14ȱhoursȱ(FigureȱB.11),ȱcomparedȱtoȱoneȱhourȱ
forȱ theȱBNȱspectrumȱ (FigureȱB.10).ȱSimilarȱobservationsȱapplyȱ toȱ theȱhighȬqȱspectrumȱandȱ
consequentlyȱ noȱ structuralȱ informationȱ canȱ beȱ extracted.ȱ XRSȱ wasȱ alsoȱ performedȱ forȱ
samplesȱofȱΉȬironȱcarbonitrides,ȱagainȱwithȱnoȱdistinctȱcarbonȱorȱnitrogenȱedges.ȱ
Theȱ lackȱ ofȱ observableȱ edgesȱ mayȱ beȱ causedȱ fromȱ fluorescentȱ radiationȱ fromȱ theȱ
samplesȱaddingȱtoȱtheȱbackground,ȱorȱsimplyȱbeȱcausedȱbyȱabsorptionȱfromȱtheȱrelativelyȱ
denseȱ metallicȱ structures,ȱ suppressingȱ theȱ signalȱ fromȱ theȱ lightȱ elements.ȱ Inȱ anyȱ case,ȱ
signalsȱfromȱcarbonȱandȱnitrogenȱcannotȱbeȱadequatelyȱresolvedȱfromȱtheȱbackground,ȱevenȱ
forȱsamplesȱcontainingȱmoreȱthanȱ30ȱatomicȱpercentȱnitrogen.ȱStructuralȱinformationȱfromȱ
directȱprobingȱofȱnitrogenȱandȱcarbonȱdoesȱthereforeȱnotȱseemȱattainableȱfromȱXRSȱspectraȱ
ofȱΉȬironȱcarbonitridesȱorȱexpandedȱaustenite.ȱ
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